PLANT PHYSIOLOGY 


VOLUME 32 


MAY, 1957 


NUMBER 3 





ANALYSIS OF FACTORS DETERMINING YIELD IN CROP PLANTS. 
I. VARIETAL DIFFERENCES IN YIELD OF GRAIN AND 
STRAW OF WHEAT AS INFLUENCED BY 
PHOTOPERIODIC TREATMENTS! 


K. K. NANDA 2 anp J. J. CHINOY 
DEPARTMENT OF Botany, UNIversITy oF Detui, Detui 8, INDIA 


It has been shown that grain yield in wheat and 
other cereals is determined by a number of growth 
characters such as plant height, number of fruitful 
tillers and various ear characters which in their turn 
are profoundly influenced by external environment (1, 
= 3, 4, 5, 6, 13, 14, 15, 16, 17, 18, 19, 20, 21, 24, 25, 
26, 27, 29, 30, 32, 33, 35, 36, 37, 38, 39, 40, 41). The 
purpose of this paper is to analyze the various growth 
and environmental factors that influence the ultimate 
yield of wheat. A simple and convenient way of 
studying the effect of environment is to subject the 
plants to differential photoperiodic treatments. It has 
already been shown (10) that the photoperiodic treat- 
ment markedly affects the vegetative period of a 
variety. When these changes in the vegetative periods 
are brought about by photoperiodic treatments, con- 
current changes in response to temperature and other 
environmental conditions take place during some of 
the critical stages of plant development. Studies re- 
ported here were undertaken with a view to elucidat- 
ing the influence of photoperiodic responses of plants 
on the interrelation of yield characters, yield and en- 
vironmental factors. It is hoped that such studies 
will elucidate the causes of variation in yields of crop 
plants from year to year. 


EXPERIMENTAL PROCEDURE 


Three pure line varieties of wheat (Triticum vul- 
gare vars. N.P.165; N.P.52 and P.C.591) were used 


for these experiments. Graded seeds were germinated 
in Petri-dishes on a thin layer of sterilized sand and 
were exposed immediately to the following photoperi- 
odic treatments: 1. complete darkness; 2. six-hour 
daily illumination with normal daylight alternating 
with 18 hours of darkness; 3. almost equal periods of 
light and darkness (normal daylight of October—March 
at Delhi); 4. eighteen hours of daily illumination 
alternating with six hours of darkness (normal day- 
light supplemented by artificial illumination from four 
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200-watt daylight bulbs at a mean distance of 2 ft 
from the seed for a requisite period; 5. continuous 
illumination (normal daylight supplemented at night 
with artificial illumination as in 4). 

After the completion of these photoperiodic treat- 
ments which have been called “seedling” treatments, 
the seedlings were transplanted and were then sub- 
jected to (a) a short day (SD) with six hours of 
illumination, (b) normal day (ND) with normal illu- 
mination of October-March at Delhi, (c) long day 
(LD) either 18 hours or 24 hours of illumination as 
shown for different experiments. These treatments 
have been referred as “post-seedling” treatments. 
Different combinations of seedling and post-seedling 
treatments are described in the text by combining the 
serial number of the former with the serial number of 
the latter. Thus, for instance, 3C means that the 
seedlings received almost equal periods of light and 
darkness during the seedling stage and long day dur- 
ing the post-seedling stage. Further experimental de- 
tails are given below separately for each experiment. 

EXPERIMENT 1, Varieties Used: Three—N.P. 165, 
N.P. 52 and P.C. 591. 

Photoperiodic Treatments: Petri dishes containing 
25 graded seeds falling within a range 45 to 50 mg were 
moistened with 5 ml of water and placed under the 
five seedling treatments for 12 days. Twenty-seven 
Petri dishes (9 for each of the 3 varieties) were placed 
under each treatment. Three post-seedling treatments 
were started immediately after the transplantation of 
seedlings to pots. 

EXPERIMENT 2: In order to confirm the results 
obtained, experiment 1 was repeated the following 
year with some modifications. 

Photoperiodic Treatments: Only three seedling 
treatments, nos. 1, 3 and 5, were used in this experi- 
ment. Duration of treatment was increased to 14 
days. In the post-seedling treatments, while short 
day and normal day treatments were the same as in 
experiment 1, long day treatment was continuous light 
instead of 18-hour day, as in experiment 1. In all, 
81 Petri dishes with 25 seeds in each were exposed to 
different seedling treatments (27 for each variety). 

EXPERIMENT 3, Variety Used: One—N.P. 52. 

Photoperiodic Treatments: The photoperiodic 
treatments were the same as in experiment 2. After 
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lings were transplanted in rows in small plots pre- 
pared for the purpose in the field. The nature of the 
experiment imposed certain limitations on the layout 
of the experiment. As long day treatment during the 
post-seedling stage was likely to affect the results of 
the other two treatments, if kept in proximity the LD 
plot was some distance away from the other two. 
Thus three blocks were made for the three post-seed- 
ling treatments and three replications for each treat- 
ment combination were randomized together with the 
seedling treatments in each block (30’x 15’). The 
randomization within each block was done in order to 
eliminate any errors arising from differences in the 
intensity of illumination at various points in the block. 
The error due to soil heterogeneity was eliminated as 
far as possible by adequate manuring and watering. 
The main purpose of doing this experiment in the soil 
was to remove restriction to root growth which is 
generally brought about by the limited space avail- 
able in the pots. 

Each plot contained 5 rows, 6 inches apart with 
about 25 seedlings in each row (4” apart). After 
transplantation fertilizer was provided thrice at fort- 
nightly intervals at the rate of 7.50 gm of superphos- 
phate and 3.75 gm of potassium sulphate per plot. 
Further details of experimental procedure have been 
outlined elsewhere (10). 

OpseRVATIONS: After the plants were fully mature, 
they were harvested and data were collected for the 
various yield characters, viz., length and number of 
ears, number of spikelets and grains per ear, thousand 
grain weight and finally for the grain and straw 
yields. The present paper deals only with the results 
of grain and straw yields. The grain was weighed 
separately for each treatment while the rest of the 
dry matter of the plant including the husk was taken 
as straw weight. The results have been expressed in 
grams per plant. 


EXPERIMENTAL FINDINGS 


The results of grain and straw yields per plant are 
presented diagrammatically in figure 1. The effects of 
various combinations of “seedling” and “post-seed- 
ling” treatments are shown in this figure separately 
for each variety in all the three experiments. In order 
to bring out the effects of “seedling” and “post-seed- 
ling” treatments as well as varieties, the data of grain 
and straw yields have been condensed by adding all 
the values of any one level of the factor and dividing 
by the total number of observations. These treat- 
ments are described in the text by their respective 
serial numbers presented within brackets, and the 
values given are the averages obtained by condens- 
ing the data as explained here. Thus, for example, 


the effect of long-day treatment during the post-seed- 
ling stage on grain yield was obtained by adding all 
the values of grain yield under this treatment irre- 
spective of the seedling treatment and variety and 
dividing the sum by 15 (5 seedling treatments x 3 vari- 
eties), and this effect is referred as as (c). The single 
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the completion of the seedling treatments, the seed-. 


factor effects obtained by compiling the data in this 
manner are shown in table I. It will be seen from 
this table that the grain and straw yields are mark- 
edly reduced both under short and long “post-seed- 
ling” treatments. Effects of seedling treatments «re 
not as pronounced as those of post-seedling treatments, 
probably because of the shorter duration of treatment. 
It is, however, evident that in experiment 1 both the 
grain and straw yields increase from treatments 1 to 4 
and then decrease in 5. In experiments 2 and 3, in 
which treatments 2 and 4 were not included, the 
yields under treatments 1 and 5 are lower than those 
under treatment 3 except for the grain yield in treat- 
ment 5 of experiment 2. The varietal effects in gen- 
eral show a lower grain yield in P.C. 591 as compared 
with the other two varieties, which do not appear to 
differ from each other in their yields (table I). 

Analysis of variance was carried out separately 
for grain and straw yields of all the three experiments. 
Details of the analysis have not been included here. 
The significance or otherwise of the single factor 
effects and their interactions have been shown in table 
II. (S denotes a highly significant result (P < 0.01); 
s denotes significance at P < 0.05, and results which 
are not significant are denoted by an “x.”) 

It can be seen from table II that the effects of 
“post-seedling” treatments are highly significant in all 
the experiments. Of the “seedling” treatments, while 
grain and straw, yields in experiment 1 are highly sig- 
nificant, in experiment 2, the significance is at 5% 
level and in experiment 3 the results are not signifi- 


TABLE [| 


Stncte Factor Errects—GraiIn AND Straw YIELDS 





























TREAT- GM/PLANT 
MENTS = : are: 
me ee eS 
— Grain Straw GraIN Straw Grain Straw 
Seedling treatments * 
1 0.868 1.913 1.056 1.968 1.895 3.984 
2 1.253 2.260 fein» aetna Sates yaad 
3 1.493 2.866 1.399 2.580 2.416 4.235 
4 2.155 3.954 cette antes ire We an 
5 1.428 2.841 1.480 2.139 2.138 3.615 
Post-seedling treatments ** 
a 0.522 1.237 0.932 1.528 0.837 1.684 
b 2.903 5.059 2.440 3.579 4.537 7.271 
c 0.656 2.063 0.550 1.581 1.075 2.880 


Varieties ¢ 
2.806 1.439 2.551 
2.635 1.450 2.210 
2.919 0.999 1.926 


N.P.165 = 1.377 
N.P. 52 1.419 
P.C. 591 = 1.285 





* Seedling treatments: 1, complete darkness; 2, nor- 
mal daylight 6 hrs alternating with 18 hrs darkness; 
3, nearly equal periods of light and darkness; 4, daily 
illumination 18 hrs alternating with 6 hrs darkness; 5, 
continuous illumination. 

** Post-seedling treatments: a, short day (SD); b. 
normal day (ND); and ec, long day (LD). 

+ Three pure line varieties of wheat (Triticum vul- 
gare) were used. 
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Fic. 1. Grain and straw yield (gm) in three varieties of wheat (NP.165, N.P.52 and Punjab C.591) under 
different combinations of “seedling” and “post-seedling” treatments. Seedling treatments: 1= Complete darkness; 
2=6 hours daily illumination; 3 = normal day ;"4 = 18 hours daily illumination and 5 = continuous illumination. Post- 
seedling treatment: LD = Long Day; ND= Normal Day; and SD =Short Day. 


cant. The varietal differences in grain yield are sig- Considering the interactions (table II) it will be 
nificant at 5 % level and straw yield is significant only seen that most of the first order and even second 
In experiment 2. order interactions in experiment 1 are significant. In 
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TABLE II 


SIGNIFICANCE OF TREATMENTS AND THEIR INTERACTIONS— 
GRAIN AND Straw YIELDS 





Expt 3 











ox Expt 2 
TREAT- Expr 1 

seaaseadaiad GRAIN StRAW GraIN Straw GRAIN STRAW 
Post-seedling S S S S Ss Ss 
Seedling 8 8 s s x x 
Variety s x s S 


Post-seedling _ 
xseedling S§S Ss x s x x 
Post-seédling 


x variety NS) Ss S S 
Seedling 

x variety ) Ss x x 
Post-seedling 

x seedling , 


x variety Ss Ss x x 

S = highly significant effect (P < 0.01). 
s =significant effect (P < 0.05). 

x =results not significant. 





experiment 2, interaction seedling treatment x variety 
is statistically not significant both for grain and straw 
yields. The second order interaction is also not sig- 
nificant in this case. 

It will be seen from figure 1 that in experiments 
1 and 2 the seedling treatment that gives optimum 
yield varies with the variety. Thus, for instance, with 
N.P. 165 and N.P.52, treatment 4 is most beneficial, 
while with P.C. 591, the optimum effect is shown by 
plants of treatment 5. It is interesting to note further 
that the beneficial effect of treatment 4 is more 
marked in N.P.52 than in N.P.165. It has been 
shown previously (10) that N.P.165 is the earliest 
and P.C.591 the latest flowering of these three varie- 
ties. This suggests that there is a relationship between 
the vegetative period of variety (mean period be- 
tween the date of sowing and anthesis—10) and its 
photoperiodic response. The later the flowering of a 
variety, the greater is the beneficial effect of the long- 
day in the seedling treatment. Thus, treatment 5 
which adversely affects the grain and straw yields of 
N.P. 165 and N.P.52, which are early varieties, favor- 
ably influences the yields in P.C. 591 which is a com- 
paratively later flowering variety (10). Similarly 
treatment 4 which enhances the yield of N.P.52 has 
only a slight effect on N.P. 165. The same conclusions 
can be drawn as regards the interaction between post- 
seedling treatment and variety both for grain and 
straw yields. Thus LD in the post-seedling treatment 
reduces grain and straw yields to a far greater extent 
in N.P. 165 and N.P.52 than in P.C.591. Under ND 
treatment N.P. 165 is the highest yielder and P.C. 591 
the poorest. N.P.52 does not vary significantly from 
N.P. 165. Under SD treatment also P.C.591 yields 
much lower than N.P. 165 or N.P. 52. 

Comparing the combined effects of seedling and 
post-seedling treatments, it will be clearly seen that 
the effect of the post-seedling treatment is predomi- 
nant, and seedling treatment has a slight modifying 
effect (fig 1). 


GENERAL DISCUSSION 


In elucidating effects of seedling and post-seed!ing 
treatments on yields of grain and straw the direct as 
well as the indirect influences of light are to be con- 
sidered. A low assimilatory activity, as already scen 
in a previous communication (11, table 8), is responsi- 
ble for reduction in the vegetative growth of SD plants 
because of considerable losses by respiration during 
the long dark period of each day, in addition to the 
very low production of carbohydrates. This direct 
effect also appears to be the main reason for redue- 
tion in straw and grain yields of SD plants in all the 
varieties. This is confirmed from the results of corre- 
lation coefficients between grain yields and net assimi- 
lation rates (daily increase in dry matter in gm per gm 
of leaf dry weight) and straw yields and net assimila- 
tion rates (grain: r=0.779 and straw: r=0.819). In 
the calculation of these correlation coefficients net 
assimilation rates and grain yields of LD plants have 
been omitted, because the lower yields in the long-day 
treatment are not due to the low assimilatory activity 
as seen from net assimilation rates of these plants (11, 
table 8). This is further substantiated by working 
out the correlation coefficients between net assimila- 
tion rates of LD-ND plants and their straw and grain 
yields. Highly significant inverse correlations are ob- 
tained in this case (r = — 0.939 for straw, and r =—0.961 
for grain). This clearly indicates that the factor 
which causes a reduction in yields of straw and grain 
under long days is not the deficiency of carbohydrates 
but some other factor. Considering other nutritional 
factors such as uptake of N, P and K it also appears 
that the reduction in yields of straw and grain by 
short days is due to the very slow uptake of these 
nutrients (12). It is, therefore, clear from the above 
mentioned facts that the effect of light on yields of 
straw and grain is a direct one in the ease of short 
days resulting from its low assimilatory activity, while 
on the other hand, it is an indirect one in the ease of 
long days, operating through regulatory mechanism of 
its development process (12). In normal days (ND) 
there is a balanced daily photoperiod and dark period 
for the varieties under experimentation and, therefore, 
sufficient vegetative growth takes place leading to a 
higher grain yield compared to the other two treat- 
ments. A reduction in the grain yield by short and 
long day treatments has also been reported by Hurd 
Karrer (22, 23), Maximov (28) and Rasumov (34). 

The increase in grain yield of P.C.591 under the 
“seedling” treatment 5 may be partly due to the 
earlier ripening of the variety and the consequent 
lower temperatures during ripening. It has already 
been shown by one of us that the temperature of the 
ripening period has a profound effect upon the grain 
filling processes in wheat and consequently upon its 
yield (7, 8). The lowering of grain yield under SD 


treatment may not only be due to the reduction in the 
vegetative growth as a result of the low assimilatory 
activity of the plant, but also may be due to the 
shifting of the ripening period of plants under this 
treatment in a higher range of temperature which is 
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TABLE III 


Srncte Factor Errects—GraIn/Straw Ratio 








TREATMENTS GRAIN /STRAW RATIO 


AND VARS. 








Expt 1 Expt 2 Expt 3 
Seedling treatments * 
1 0.454 0.536 0.482 
2 0.554 et Ae 
3 0.521 0.542 0.576 
4 0.545 tee ale 
5 0.503 0.692 0.588 
Post-seedling treatments ** 
a 0.422 0.609 0.292 
b 0.574 0.682 0.626 
c 0.318 0.348 0.665 
Varieties + 
N.P. 165 0.491 0.564 
N.P. 52 0.538 0.656 
P.C. 591 0.440 0.518 


*, **, + See table I. 





less favorable for ripening of grain. This is confirmed 
by the shortening of the ripening period of SD plants 
(unpublished data). This shifting of ripening of grain 
in a higher range of temperature may cause a hasten- 
ing of cell division and other processes leading to the 
quicker ripening of the grain as already shown (7). 
That the lowering of grain yield in SD treatment is 
not entirely due to a lower assimilatory activity, but 
may partly be due to the adverse effect of the tem- 
perature of the ripening period is also indicated by 
the results of grain/straw ratios presented in table 
III. Generally speaking the ratios are lower for SD 
and LD plants. This tendency for greater vegetative 
growth is even observed for some of the seedling 
treatments, especially for treatment 1 (table III). 
The lower grain yields in SD and LD treatments may 
also be partly due to the sterility induced by these 
light treatments as shown previously (9, 31). But 
even after taking into account the sterility factor 
some part of the over-vegetativeness can be ascribed 
to the reduction in weight of the grain of SD plants, 
due to its ripening in a higher range of temperature. 
In order to elucidate the effects of temperature, it 
would be necessary to eliminate the effects of other 
factors such as the number of ears, number of grains 
per ear, number of spikelets per ear and so on. A full 
analysis of all these factors affecting yield under dif- 
ferent photoperiodic treatments will be attempted in 
subsequent communications. 


SUMMARY 


1. The present paper records the results of the 
investigation on the effect of seedling and post-seed- 
ling treatments on grain and straw yields of three 
varieties of wheat (Triticum vulgare vars. N.P. 165, 
N.P. 52 and P.C. 591). 

2. Grain and straw yields are markedly reduced 
under both SD and LD treatments. The reasons for 
the lowering of yields under the two light treatments 






are, however, quite different. In SD treatment the 
reduction is directly due to the low rate of assimila- 
tion as is evident from the highly significant correla- 
tion between yields and net assimilation rates. In the 
case of LD treatment on the other hand, the effect 
appears to be due to the influence of light on the for- 
mation of regulatory substances. 

3. Analysis of variance reveals that most of single 
factor effects are significant (table I). Few of the 
interactions are also significant (table II). Thus for 
instance, seedling treatment 5 which results in a re- 
duction in yields of N.P.165 and N.P.52, increases 
the yield of P.C. 591, which is a late flowering variety. 

4. This increase in the grain yield of P.C.591 
under the photoinductive treatment 5 is considered to 
be partly due to the shifting of the ripening period of 
the variety in a range of temperature which is more 
favorable for the grain filling processes. 

5. Grain/straw ratio is also lower under SD and 
LD treatments (table III). This clearly indicates 
that the lowering in grain yield under SD treatment 
is not entirely due to a lower assimilatory activity but 
may also be partly due to the adverse effect of the 
higher temperature of the ripening period in these 
plants. 


We wish to thank Professor Karl C. Hamner, 
Chairman of the Department of Botany, University 
of California, Los Angeles for critical reading of the 
papers reported in this series of communications and 
for his helpful suggestions. 


LITERATURE CITED 

1. Arny, A. C. and Garsper, R. J. Variation and corre- 
lation in wheat with special reference to the 
weight of seed planted. Jour. Agr. Research 14: 
359-392. 1918. 

2. Barpacki, 8S. Studies in barley. II. Variability and 
inheritance of some physiological characters. The 
importance of breeding characters. Mem. Inst. 
Polon. Ec. Rur. 2: 579-610. 1930. (Plant Breed- 
ing Abstracts 113: 36. 1935.) 

3. Bayrietp, E. G. The influence of climate, soil and 
fertilizers upon quality of soft winter wheat. Agr. 
Expt. Sta., Ohio, Bull. 563. 1936. 

4. Birren, R. H. and Enatepow, F. L. Wheat Breed- 
ing Investigations at the Plant Breeding Institute. 
Cambridge Research Monograph 4. 1926. 

5. Bonnet, O. T. and Woopwortn, C. M. A yield 
analysis of three varieties of barley. Jour. Amer. 
Soc. Agron. 23: 311-327. 1981. 

6. Brivcerorp, R. O. and Hayes, H. K. Correlation of 
factors affecting yield in hard spring wheat. Jour. 
Amer. Soc. Agron. 23: 106-117. 1931. 

Curnoy, J. J. Correlation between yield of wheat 
and temperature during ripening of grain. Nature 
159: 442-444. 1947. 

8. Curnoy, J. J. Effect of vernalization and photo- 
periodic treatments on grain development in wheat. 
Current Sci. (India) 18: 414. 1949. 

9. Cuinoy, J. J. and Nanna, K. K. Physiological 
studies on growth and development of crop plants. 
I. Photoperiodic induction of developmental ab- 
normalities in Indian wheat. Indian Jour. Agr. 
Sci. 16: 390-398. 1946 


~I 













162 


10. 


11. 


12. 


13. 


14. 


16. 


‘18. 


19. 


20. 


21. 


23. 
















































Cuinoy, J. J. and Nanna, K. K. Effect of vernali- 
zation and photoperiodic treatments on growth 
and development of crop plants. I. Varietal dif- 
ferences in flowering of wheat and its correlation 
with length of spike under varying photoinduc- 
tive and post-photoinductive treatments. Physiol. 
Plantarum 4: 209-223. 1951. 

Curnoy, J. J. and Nanna, K. K. Effect of veranli- 
zation and photoperiodic treatments on growth 
and development of crop plants. III. Rate of dry 
matter production, net assinfilation rate and water 
content of wheat under varying photoinduc- 
tive and post-photoinductive treatments. Physiol. 
Plantarum 4: 575-591. 1951. 

Curnoy, J. J. and Nanpa, K. K. Effect of vernali- 
zation and photoperiodic treatments on growth 
and development of crop plants. IV. Uptake of 
nitrogen, phosphorus and potassium by wheat 
plant under varying photoinductive and _post- 
photoinductive treatments. Physiol. Plantarum 
5: 11-32. 1952. 

Crark, J. A. and Bayes, B. B. Classification of 
wheat varieties in United States. U. S. Dept. 
Agr., Tech. Bull. 459. 1935. 

Cocuran, W. G. Crop estimation and its relation 
to agricultural meteorology. Roy. Statistical Soc., 
London, Jour. Suppl. 5: 12-20. 1938. 

Dovueuty, L. R. and Enatepow, F. L. Investiga- 
tion on yield of cereals. V. A study of four wheat 
fields. The limiting effect of population density 
on yield and on analytical comparison of yields. 
Jour. Agr. Sci. 18: 317-345. 1928. 

Enoatepow, F. L. A census of an acre of barley. 
Jour. Roy. Agr. Soc. Engl. 87: 103-123. 1926. 

Enatepow, F. L. Investigations on yield in cereals. 
II. A spacing experiment with wheat. Jour. Agr. 
Sci. 15: 125-146. 1925. 

Enctepow, F. L. and Wapuam, 8S. M. Investigation 
on yields in cereals. Jour. Agr. Sci. 14: 66-98. 
1924. 

Enctepow, F. L. and Ramiaun, K. Investigations on 
yield in the cereals. VII. A study of development 
and yield of wheat based upon varietal compari- 
son. Jour. Agr. Sci. 20: 265-344. 1930. 

Franket, O. H. Yield investigation in cereals. 
Analytical yield investigation on New Zealand 


wheat. II. Five years of variety trials. Jour. 
Agr. Sci. 25: 467-509. 1935. 

FrantHeM, A. E. The tillering of wheat. Agr. 
Expt. Sta., Delaware, Bull. 117: 3-119. 1917. 


(Exptl. Station Record.) 

Hurp-Karrer, ANNIE, M. The formative effect of 
day length on wheat seedlings. Jour. Maryland 
Acad. Sei. 1: 115-126. 1930. 

Hurp-Karrer, ANNIE M. Comparative responses of 
a spring and winter wheat to day length and tem- 
perature. Jour. Agr. Research 46: 867-888. 1933. 


PLANT PHYSIOLOGY 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


KiesseLtBacH, T. A. and Spracuge, H. B. Relation of 
development of wheat spike to environmental fac- 
tors. Jour. Amer. Soc. Agron. 18: 40-60. 1926. 

Laupe, H. H. Relation of some plant characters to 
yield in wheat. Jour. Amer. Soc. Agron. 30: 610- 
615. 1938. 

Locke, L. F., RANcHscHWaALBE, O. E. and MatHeEws, 
O. R. The relation to yield of certain plant char- 
acters of winter wheat as influenced by different 
sequence and tillage treatments. Jour. Amer. Soc. 
Agron. 34: 628-645. 1942. 

Love, H. H. and Letcuty, C. E. Variation and cor- 
relation in oats (Avena sativa), Part I. Studies 
showing the effect of seasonal changes on bio- 
metrical constants. Agr. Expt. Station, Cornell, 
Mem. 3. 1914. 

Maximov, N. A. Physiological control of the length 
of the vegetative period. Abstr., Communs., In- 
tern. Congr. Bot., 5th Congr., Cambridge, Engl. 
1930: 275-276. 1930. 

Mayers, C. H. Effect of fertility on variation and 
correlation in wheat. Breed. Assoc. Report 7: 61- 
74. 1912. (Original not seen.) 

Metce, E. Morphological variation in wheat. In- 
tern. Rev. Agr., Rome 26: 409-418. 1935. 

Nanpba, K. K. and Curtnoy, J. J. Effect of photo- 
periodic treatment on pollen fertility. Current 
Sci. (India) 14: 241. 1945. 

Parker, W. H. A case of correlation in wheat. 
Jour. Agr. Sci. 6: 179-181. 1914. 

QUISENBERRY, K. S. Some plant characters deter- 
mining yields in fields of winter wheat and spring 
wheat in 1926. Jour. Amer. Soc. Agron. 20: 492- 


499. 1928. 
Rasumov, V. I. Uther die photoperiodische Nach- 
wirkung in Zusammenhang mit der Wirkung 


verschiedener Aussaattermine auf die Pflanzen. 
Planta 10: 345-373. 1936. 

Roserts, R. A. Correlation of yield in oats. 
Agr. Sci. 18: 297-316. 1928. 

Russett, E. J. and Watson, D. J. The Rotham- 
stead field experiments on growth of wheat. Imp. 
Bur. Soil Sci., Tech. Commun. 40. 1940. 

Satmon, Ceci Sterile florets in wheat and other 
cereals. Jour. Amer. Soc. Agron. 6: 24-30. 1914. 

Sincu, L. and AtamM, Nek The effect of certain ex- 
ternal factors upon the growth of wheat. Proc. 
Indian Acad. Sci. B19: 1-29. 1944. 

Smit, R. W. The tillering of wheat as related to 
yield and rainfall. Jour. Amer. Soc. Agron. 17: 
717-725. 1925. 

Spracue, H. B. Correlation and yield in bread 
wheat. Jour. Amer. Soc. Agron. 18: 971-996. 1926. 

Watpron, L. R. A partial analysis of yield of cer- 
tain common and durum wheats. Jour. Amer. Soc. 
Agron. 21: 295-309. 1929. 


Jour. 





th 


giv 
wa 
yie 
th 
lig 
yi€ 
pe 
sin 


wa 


mé 
ha 
Ea 
tal 
un 


yie 
me 
Th 
sin 
me 





aC- 


to 
10- 


Ws, 


ent 
0c, 


‘Or- 
lies 
10- 
ell, 


gth 
In- 
ngl. 


and 
61- 


In- 


to- 
‘ent 


eat. 


ter- 
‘ing 
92- 


ich- 
ung 
zen. 


our. 


am- 
mp. 


ther 
914. 

ex- 
roc. 


1 to 


ead 
926. 
cer- 
Soc. 








ANALYSIS OF FACTORS DETERMINING YIELD IN CROP PLANTS. 


Il. THE INFLUENCE OF PHOTOPERIODIC TREATMENTS ON 
CHARACTERS DETERMINING YIELD IN WHEAT WITH 
SPECIAL REFERENCE TO THE TEMPERATURE 
OF THE RIPENING PERIOD! 


K. K. NANDA anp J. J. CHINOY 
DEPARTMENT OF Botany, UNIversITY OF Detui, Derui-8, INpDIA 


The previous paper (23) in this series dealt with 
the varietal differences'in the yield of grain and straw 
of wheat under varying photoperiodic treatments 
given during the seedling and post-seedling stages. It 
was shown there that the lowering of grain and straw 
yield under SD-photoperiod was not entirely due to 
the lower assimilatory activity of plants under this 
light treatment. It was also shown that reduction in 
yields of grain and straw of plants under LD-photo- 
period took place in spite of its higher rate of net as- 
similation (11). It was suggested that one of the con- 
tributory factors responsible for the lowering in yield 
was most probably the higher temperature of the 
ripening period. In order to evaluate the effect of 
temperature of the ripening period in the present 
case, the effect of other yield characters as influenced 
by differential photoperiodic treatments will also have 
to be taken into consideration. An analysis of these 
yield characters and the effect of light and tempera- 
ture on these have been undertaken in this paper. 


EXPERIMENTAL PROCEDURE 


For details of experimental procedure, a reference 
may be made to the earlier paper (23). When plants 
had reached the full-ripe stage, they were harvested. 
Each plant was uprooted separately and records were 
taken for the following yield characters for ten plants 
under each treatment: 


Number of ears per plant, 
Length of ear, 

Number of spikelets per ear, 
Number of grains per ear, and 
Thousand grain weight. 


ory 8 to 


EXPERIMENTAL FINDINGS 


As the data for the various characters determining 
yield are very extensive, results of only one experi- 
ment (expt 1) have been presented here in figure 1. 
Those of experiments 2 and 3 follow more or less 
similar trends and only the significance of the treat- 
ments and their interactions in these experiments are 
presented in table II along with those of experiment 1. 
The details of the analysis of variance have not been 
included in this table. Single factor effects of light 
treatments and varieties in experiment 1 were also ob- 
tained by compiling the data as explained previously 
(23) and are given in table I. 

The number of ears per plant under different 
combinations of seedling and post-seedling treatments 
are shown by histograms in fhe first row of figure 1. 


1 Received October 2, 1956. 
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TABLE I 


Srncte Factcr Errects (Expt 1) 

















ie No. EARS LeNcTH Bn, No. ; THov- 
poate PER OF EAR sunnah GRAINS SAND 
enn: PLANT (cm) mas PER EAR GRAIN WT 
Seedling treatments * 
1 1.88 6.83 15.2 148 27.1 
2 2.07 7.19 15.9 17.9 29.5 
3 2.37 7.89 17.2 18.7 31.5 
4 3.27 7.79 17.3 16.8 30.2 
5 2.78 7.20 16.9 146 30.9 
Post-seedling treatments ** 
a 1.51 7.29 16.7 13.9 2332 
b 2.97 8.26 18.1 28.3 35.6 
c 2.97 6.59 146 74 30.8 
Variety t 
N.P. 165 2.54 8.27 16.1 15.9 29.4 
NP. 52 266 6.39 16.6 18.1 27.0 


P.C. 591 221 747 16.9 15.6 33.1 

* Seedling treatments: 1, complete darkness; 2, nor- 
mal daylight 6 hrs alternating with 18 hrs darkness; 
3, nearly equal periods of light and darkness; 4, daily 
illumination 18 hrs alternating with 6 hrs darkness; 5, 
continuous illumination. 

** Post-seedling treatments: a, short day (SD); b, 
normal day (ND) and ec, long day (LD). ‘ 

+ Three pure line varieties of wheat (Triticum vul- 
gare) were used. 





It is seen that the number of ears decreases both un- 
der SD and LD post-seedling treatments. Reduction 
in the number of ears is also noticeable in seedling 
treatments 1 and 2. Treatments 4 and 5, however, 
appear to increase the number of ears. This is clearly 
brought out from table I which gives the mean effects 
of the main treatments and varieties obtained by com- 
piling the data as explained previously (23). It is 
seen that the number of ears increases from seedling 
treatments 1 to 4 and then decreases in treatment 5, 
though the number is still higher than that in treat- 
ment 3. Results of analysis of variance show that 
the treatments and their interactions are all signifi- 
cant in experiments 1 and 3. In experiment 2, how- 
ever, the interactions between variety and seedling 
and between variety and post-seedling treatments are 
significant only at the 5 % level (table II). 

Results of the length of ear are shown in the sec- 
ond row of figure 1. It is seen that the length of ear 
is very much reduced under all combinations of seed- 
ling treatments with SD and LD post-seedling treat- 
ments. Thus the length of ear is reduced even in 
treatments 4 and 5 which increase the number of ears 
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Fic. 1. Effect of different combinations of seedling and post-seedling treatments on various characters deter- 
mining yield in three varieties of wheat (N.P. 165, N.P. 52 and Punjab C. 591). Seedling treatments: 1—Complete 
darkness; 2—6 hrs daily illumination; 3—normal day; 4—18 hrs daily illumination; 5—continuous illumination. 
Post-seedling treatments: Lu =.ong uay; ND=norma.c y, and SD=short day. 
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TABLE II 
SIGNIFICANCE OF TREATMENTS AND THEIR INTERACTIONS 
No. EARS PER No. SPIKELETS No. GRAINS THOUSAND 
Tine PLANT LENGTH OF EAR PER EAR PER EAR GRAIN WT 
— Expr Expr Expt Expr Expr Expr Expr Expr Expr Expr Expr Expr Expr Expr Expt 
1 2 3 1 3 1 2 1 2 3 1 2 3 
Post-seedling S NS Ss NS Ss S Ss Ss s Ss Ss NS) Ss Ss Ss 
Seedling Ss s NS Ss Ss Ss Ss Ss Ss s Ss Ss s NS) x 
Variety NS NS) - NS NS) - NS x - NS x ~ Ss Ss ~ 
Post-seedling 
x seedling s Ss Ss Ss s s Ss x x S S x x s S 
Post-seedling 
x variety NS s Ss Ss - S s - s S - s NS) ~ 
Seedling 
x variety NS s - Ss x - S x - Ss x - s s - 
Post-seedling 
x seedling 
x variety Ss S - Ss s - S x - S x ~ Ss s ~ 





S=highly significant effects (P <0.01). 
s=significant effects (P <0.05). 
x = effects not significant. 


per plant (table I). The effects of seedling treat- 
ments, however, are not so pronounced as those of 
post-seedling treatments probably because of the very 
short duration of the seedling treatment. 

The results of the analysis of variance (table II) 
clearly demonstrate that all the single factor effects 
are highly significant in all three experiments. The 
interaction between post-seedling treatment and va- 
riety is also significant. Thus the length of ear is re- 
duced by LD-photoperiods in post-seedling treatment 
to a much greater extent in N.P. 165, which is the 
earliest of the three varieties under investigation, and 
to the least extent in P.C. 591, which flowers a few 
days later (9). The interaction of the light treat- 
ment with variety is evident even in the case of short 
duration seedling treatment where it is observed that 
treatment 4, which reduced the ear length in N.P. 165 
and N.P. 52, actually brings about an increased ear 
length in P.C. 591 (fig. 1). The highly significant ef- 
fects of these interactions are clearly seen from table 
II. The interaction between seedling and post-seed- 
ling treatments is significant in experiments 1 and 2. 
The second order interaction is also significant (table 
II) though only at the 5 % level in experiment 2. 

The trend of results for the number of spikelets 
per ear (row 3, fig 1) is similar to the length of the 
ear. Thus the number of spikelets decreases both un- 
der SD- and LD-photoperiods in post-seedling treat- 
ments. This effect is shown even by the seedling 
treatment which is ‘of a short duration (table I). 

The results of the analysis of variance given in 
table II show that the effects of seedling and post- 
seedling treatments are highly significant in all three 
experiments. The varietal effects are not significant 


in experiment 2. Of the interactions only the post- 
seedling treatment x variety is significant in experi- 
ment 2, all other interactions lacking significance. In 
experiment 1, however, the interactions are all sig- 
nificant. 


In experiment 3, the interaction between 


post-seedling and seedling treatments is not significant 
(table IT). 

The general trend of results of the number of 
grains per ear is similar to those of the number of 
spikelets per ear (rows 3 and 4, fig 1). Thus the ef- 
fects of seedling and post-seedling treatments as well 
as varieties are highly significant in experiment 1. 
The varietal effects are not significant in experiment 2 
(table II). The interactions are also all significant 
except for second order interaction in experiment 2 
and interaction between seedling and _post-seedling 
treatments in experiment 3 (table II). Comparing 
the results of the number of grains with the number 
of spikelets per ear, it is worthy of note that photo- 
periodic treatment markedly influences the setting of 
grains, which is very poor in plants exposed to LD- 
photoperiods in post-seedling treatments. Thus in 
table I of experiment 1 whereas 28.3 grains are formed 
from 18.1 spikelets under ND treatment, only 7.4 
grains are set from 14.6 spikelets under LD treatment. 
In other words, LD treatment results in some sort of 
sterility. This point will be discussed in greater de- 
tail later. 

Thousand grain weights under different combina- 
tions of seedling and post-seedling treatments are rep- 
resented in the last row of figure 1. The effects of the 
main treatments can also be seen from table I. It is 
clear from these that the thousand grain weight, like 
other yield characters, is lowered both under SD- and 
LD-post-seeding treatments. The differences under 
seedling treatments are not significant in experiment 3, 
but are significant at the 5 % level in experiment 1. 
The interactions are all significant except the one be- 
tween seedling and post-seedling treatments in experi- 
ment 1 (table II). There is a marked interaction be- 
tween variety and post-seedling treatment and it is in- 
teresting to observe that the LD-post-seedling treat- 
ment lowers the thousand grain weight of N.P. 165 
and N.P. 52, which are early flowering varieties. On 








the other hand, it increases the thousand grain weight 
of P.C. 591, which is a later flowering variety (9). 

This increase in the thousand grain weight of P.C. 
591 by LD-treatment is probably due to the shifting 
of the ripening period to more favorable temperature 
range, caused by earliness of flowering. 


Discussion OF RESULTS 


It has already been shown elsewhere (4, 6) that 
the temperature of the ripening period has a profound 
effect on the gtain yield of wheat. Waldron (27) has 
also found a high negative correlation between yield 
of varieties and the mean maximum temperature of 
July. Bayfield (1) has reported a negative correla- 
tion between grain yield of wheat and temperature 
during the period from heading to harvest. Some 
workers (2, 13, 14, 19, 21, 24) working on the influ- 
ence of sowing date on yield of cereals have ascribed 
the reduction in the grain yield in late sowing to 
weather conditions. The correlation coefficient be- 
tween the maximum temperature during the ripening 
period and grain yield per plant in this experiment 
was worked out from the data of grain yield presented 
in the previous paper (23). Mean maximum tempera- 
ture of the ripening period was calculated from the 
meteorological records by taking the sum of the daily 
maximum temperatures during that period and divid- 
ing it by the number of days. The correlation turned 
out to be insignificant in all the experiments (correla- 
tion coefficient 14, table III) indicating that: the effect 
of the temperature was masked by some other factors 
operating in these experiments. This was further 
supported by the fact that the correlation between 
temperature and thousand grain weight was also in- 
significant in all the experiments (correlation coeffi- 
cient 15, table III). Nevertheless, a highly significant 
positive correlation between yield per plant and thou- 
sand grain weight (correlation coefficient 16, table IIT) 
indicated that grain yield was determined by grain 
fillimg processes. Positive correlation between the 
thousand grain. weight and yield has also been re- 
ported by some other workers (3, 15, 17, 18, 25, 26). 
Immer and Stevenson (16) working with oats found 
a strong correlation between plumpness of grain and 
the yielding ability. Dunham (12), however, reported 
that although thousand kernel weight and grain yield 
were very closely associated in oats, the association 
was much less apparent in wheat. Locke et al (20), 
however, did not find thousand grain weight an im- 
portant character in their studies and reported high 
correlation between yield and the number of grains 
per ear. 

The above results indicated that some factors in- 
cluding the growth of the plant influenced the grain 
yield of wheat under different photoperiodic treat- 
ments. Considering in the first instance the number 
of tillers, it was found as stated previously (10) that 
tillering. was restricted due to the limitation imposed 
on root growth by the small size of the pots as well 
as by SD- and LD-treatments. This reduction in the 
number of tillers will be reflected in the number of 
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TABLE III 


Torat CorrRELATION COEFFICIENTS SHOWING RELATIONSHIP 
BETWEEN GROWTH AND ENVIRONMENTAL FActTorS 
DETERMINING THE GRAIN YIELD IN WHEAT 








OBSERVED VALUE OF r 








No. TOTAL CORRELATION - 
Exptl Expt2 Expr3 

1 No. tillers and no. (S) (S) (S) 
ears/plant +0.749 +0809 +0.697 

2 No. ears/plant and (S) @) -- & 
yield/plant +0.563 +0.769 +0.783 

3 Length of ear and (S) (S) (S) 
plant ht +0540 +0.576 +0.657 

4 Length of ear and (S) (S) (S) 
yield/ear +0637 +0.727 +0.938 

5 No. of spikelets/ear (S) (S) (S) 
and yield/ear +0.7389 +0846 +0.949 

6 No. of grains/ear and (S) (S) (S) 
yield/ear +0996 +0873 +0.928 

(x) (x) (x) 

7 Temp. and yield/ear -0.037 -0.065 -0.224 
8 Thousand grain wt and (S) (S) (S) 
yield/ear +0.794 +0468 +0.794 

9 Yield/ear and fertility (S) (S) (x) 
ratio +0.984 +0807 +0.107 

(S) (x) (x) 

10 Temp. and fertility ratio -0.602 -0.219 -0.219 
11 Thousand grain wt and (S) (S) (S) 
temp. (SD-ND) -0.599 -0816 -0.940 

12 Yield/ear and temp. (S) (S) (S) 
(SD-ND) -0.729 -0.794 -0.915 

13 Yield/ear and thousand (S) (S) (S) 
grain wt (SD-ND) +0861 +0864 +0.920 

14 Yield/plant and mean (x) (x) (x) 
max. temp. -—0.188 +0.008 -0.053 

15 Thousand grain wt and (x) (x) (x) 
mean max. temp. -—0.243 -0.061 -0.302 

16 Yield/plant and thou- (s) (s) (s) 
sand grain wt +0522 +0495 +0851 





For S, s, x, see table IT. 


ears produced and ultimately in the grain yield per 
plant. That this is so, is shown by the very highly 
significant positive correlations that have been found 
to exist between the number of ears and number of 
tillers per plant (correlation coefficient 1, table III) 
and also between the number of ears and yield per 
plant (correlation coefficient 2, table III). Over and 
above the number of ears, the size of ear is generally 
determined by the stem growth (5, 7) as is seen from 
the highly significant positive correlation between the 
length of the ear and final plant height (correlation 
coefficient 3, table III). This influence of plant growth 
is not only reflected in the length of the ear, but also 
in the number of spikelets and the number of grains 
(fig 1, rows 3 and 4). All the three above mentioned 
characters; namely, length of ear, number of spikelets 
and number of grains per ear influence the yield per 
ear under different photoperiodic treatments as is seen 
from correlation coefficients 4, 5 and 6 of table III. 

Having eliminated the effect of the number of ears 
on yield, an attempt was made to determine whether 
the yield per ear showed any correlation with the 
mean maximum temperature of the ripening period. 
The values for the coefficient of correlation between 
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these two characters are, however, not significant in 
all three experiments. On the other hand, a very 
highly significant correlation between the thousand 
grain weight and yield per ear (correlation coefficient 
8, table III) confirms the conclusion already drawn; 
namely, that yield is determined to a greater or lesser 
extent by the grain filling processes. 

This masking of the effect of temperature on yield 
is over and above the effects of any of the growth 
characters enumerated above. It appears that the 
length of the day may be playing a direct role in 
masking the effect of temperature. On a closer exam- 
ination of the data of the number of spikelets and the 
number of grains per ear in plants under different 
combinations of seedling and post-seedling treatments, 
it is realized that the fertility of the pollen was con- 
siderably influenced by the light treatment. A ref- 
erence has already been made to this fact in previous 
publications (8, 22). It has been shown that per- 
centage sterility of pollen grains of three varieties of 
wheat is increased both under LD- and SD-photo- 
periods, more so in the former case. This is further 
corroborated by the data of fertility ratio given in 
table IV. The fertility ratio, calculated by dividing 
the number of grains per ear by the number of spike- 
lets per ear, differs from the fertility index calculated 
previously (22) in that the number of florets per 
spikelet have not been taken into account as the data 
of the number of florets were not available. It is seen 
from this table that the fertility ratio is influenced 
greatly by the seedling and post-seedling treatments. 
Even the short duration seeding treatment consider- 
ably decreases the fertility ratio in treatments 1 and 5 
as well as in post-seedling treaments, SD and LD. 

Considering these wide differences in the fertility 
ratio in plants under different seedling and post- 
seedling treatments, it would appear that it may have 
influenced the grain yield. This is borne out by the 


TABLE IV 


EFFECT OF PHOTOPERIODIC TREATMENTS AND VARIETIES 
ON THE Fertivity Ratio 








FErTILity RATIO 








TREATMENTS 
a ae Expt 1 Expr 2 Expr 3 
Seedling treatment * 
1 0.89 1.50 231 
2 1.08 meee sare 
3 1.02 1.51 2.24 
4 0.96 EN RE 
5 . 085 1.63 2.29 
Post-seedling treatment ** 
a 0.84 1.37 2.33 
b 1.51 1.98 2.24 
ec 0.52 1.18 . 2.28 
Variety + 

N.P. 165 0.95 1.53 

NP. 5&2 1.02 1.53 

P.C. 591 0.89 1.35 





*, **, See table 1. 


very highly significant positive correlation between 
the yield per ear and fertility ratio in two experiments 
(correlation coefficient 9, table III). The correlation 
is not significant for experiment 3 probably on ac- 
count of the fact that the intensity of light under 
LD post-seedling treatment was low while in the case 
of SD treatment under field conditions proper shad- 
ing of the plants could not be accomplished. That 
the fertility ratio is mainly determined by light and 
not by temperature is seen from the insignificant cor- 
relation between temperature and fertility ratio (cor- 
relation coefficient 10, table III). In experiment 1, 
however, there appears to be significant effect of tem- 
perature on fertility ratio so the temperature effect 
cannot be ruled out entirely. 

Considering the results of the fertility ratio (table 
IV) it becomes obvious that this ratio is very much 
lowered under LD- as well as SD-post-seedling treat- 
ments, whereas simultaneously the ripening period of 
plants under the LD-treatment is shifted to a lower 
temperature range which is not likely to adversely 
affect the grain filling process. In plants under SD 
treatment, the ripening period is shifted in a higher 
range of temperature which has already been shown 
to affect adversely the grain filling process in wheat 
(6). It is, therefore, quite clear why the correlations 
between temperature and thousand grain weight or 
temperature and yield per plant and even the yield 
per ear (correlation coefficients 14 and 15, table IIT) 
are not significant. If the yield as well as thousand 
grain weight data of plants under LD-treatment are 
not included in the calculation of correlation coeffi- 
cients, the adverse effect of the shifting of the ripening 
period of plants under SD-treatment to a higher tem- 
perature range is clearly brought out by highly signifi- 
cant inverse correlations between thousand grain 
weight and mean maximum temperature of the ripen- 
ing period of plants of SD- and ND-photoperiods 
(correlation coefficients 11 and 12, table III). This is 
further supported by the highly significant positive 
correlation between yield per ear and thousand grain 
weight of such plants. It is worthy of note that the 
effect of the temperature of the ripening period within 
a certain given range is paramount over the effect of a 
number of growth characters on grain yield, like length 
of the ear, number of spikelets and grains per ear and 
even the fertility ratio. 


SUMMARY 


1. The present paper deals with the results of the 
investigations on the effect of seedling and post-seed- 
ling photoperiodic treatments oa various characters 
determining grain yield; namely, the number of ears 
per plant, the length of the ear, the number of spike- 
lets and grains per ear and the thousand grain weight 
in three varieties of wheat (Triticum vulgare, vars. 
N.P. 165, N.P. 52 and P.C. 591). 

2. The number of ears per plant, the length of the 
ear, the number of spikelets and grains per ear and 
the thousand grain weight are all reduced under both 
SD- and LD-post-seedling treatments. 
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3. The seedling treatments also affect the yield 
characters, though the effect is not so pronounced. 

4. The results of analysis of variance reveal that 
the single factor effects are practically all significant. 
Of the first order interactions, those between seedling 
treatment and variety and between post-seedling 
treatment and variety are also significant in all cases. 

5. Correlation coefficients between grain yield and 
various growth and environmental factors have been 
worked out and diseussed with a view to analyzing the 
causes for the masking of the effect of temperature of 
the ripening period on the grain yield; which effect 
is found to lack significance in these experiments. 

6. Highly significant positive correlations exist be- 
tween the grain yield and the various yield charac- 
ters and also between these yield characters and 
growth characters. This indicates that the masking 
of the effect of the temperature of the ripening period 
in these experiments is brought about by growth 
characters; namely, the number of tillers and plant 
height which are reduced under LD- and SD-post- 
seedling treatments (10). The reduction in these 
characters is reflected in the number of ears pro- 
duced, the length of the ears, the number of spikelets 
and grains per ear and, ultimately, in the grain yield. 

7. Even after the elimination of the effect of these 
characters determining yield, the correlation between 
the yield per ear and the mean maximum temperature 
of the ripening period turned out to lack significance. 
This is ascribed to the sterility of the pollen grains 
which increases both under SD- and LD-treatments 
resulting in a reduction in the fertility ratio and conse- 
quently in the grain yield under these treatments. 
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MINERAL NUTRITION OF THE COTTON PLANT! 


FRANK M. EATON 2 anp DAVID R. ERGLE 
Fretp Crops RESEARCH BRANCH, AGRICULTURAL RESEARCH Service, U. S. DEPARTMENT 
oF AGRICULTURE AND THE TEXAS AGRICULTURAL EXPERIMENT 
Station, Cottece Station, TEXAS 


The accumulations and partitions of mineral ele- 
ments and dry matter in upland cotton plants were 
followed: A, at five-day intervals for thirty days start- 
ing with the seed with the plants growing in Hoag- 
land’s solution in a warm-to-hot summer greenhouse, 
and B, at 15-day intervals from thirty days after 
planting to maturity in field plantings. 

The latter data are not original but are recalcu- 
lated from Olson and Bledsoe (16) who sampled cot- 
ton growing on Cecil sandy loam in Georgia; their 
results were the averages of two fertilizer treatments 
for the years 1939 and 1940 on a soil that had a pH 
5.7, 2% organic matter, and which produced 2,000 
pounds per acre of seed cotton. The data were re- 
ported by them as pounds-per-acre increments of N, 
P,O;, K,0, CaO MgO, and plant weight for 15-day 
periods, together with the end-of-season totals. The 
Olson-and-Bledsoe data long have been regarded by 
us as especially meritorious and deserving of the ad- 
ditional analyses and interpretations which we have 
undertaken in this paper. 

As an orienting foreword, some rather marked dif- 
ferences occurred in the mineral accumulations, and 
particularly in growth rates between the plants grown 
in the greenhouse in Hoagland’s solution for thirty 
days and those first sampled in the field by Olson and 
Bledsoe at a like age after development during the 
typically cool conditions of the spring. The kernels 
of the Empire seed planted in the greenhouse had an 
average dry weight of 0.063 gm; at 30 days the leaves 
and stems had dry weights of 2.93 gm. In the field at 
thirty days the plant tops weighed only 0.13 gm. The 
greenhouse-to-field ratios of mineral accumulations 
(percentages on dry weight of leaves and stems) at 
thirty days were N, 4.0 to 3.5; P, 0.8 to 0.3; K, 4.5 
to 2.7; Ca, 3.3 to 3.1; and Mg, 0.7 to 1.4. 


METHODS 
Olson and Bledsoe (16) used “Official Methods” 
for the determination of N, P, and Ca. Magnesium 
was determined by the 8-hydroxyquinoline method 
and K by the Wilcox (23) procedure. Our measure- 


1 Received July 19, 1956. 

2 Present address: Department of Soils and Plant 
Nutrition, Citrus Experiment Station, Riverside, Cali- 
fornia. 


ments were by “Official Methods” (Assoc. Agr. Chem., 
ed. 4) for N, P, Ca and Mg; K was determined as 
above and Na by the flame photometer. 

The greenhouse plants were germinated for five 
days in washed river sand copiously watered with 
Hoagland’s solution (plus micronutrients, sequestrene 
NaFe and 1 Mm/I of NaCl) and transferred on the 
fifth day to the same solution aerated in a series of 
twelve 20-liter stone jars. The first sample was of 
100 seed kernels, the second at five days was of 60 
plants after emergence on fourth day, and the last at 
30 days was of 17 plants. On the latter date the 
plants had 7 to 8 true leaves. Olson and Bledsoe 
started at 30 days from planting with replicated 100- 
plant samples and ended at day 150 with samples of 5 
to 10 plants. 

As recalculated to percentage compositions and 
cumulative grams of the various mineral elements per 
plant, the Olson-and-Bledsoe data (16) were found to 
be remarkably consistent for field samplings. In the 
instance of plant weight and the potassium percentage 
at 90 days, however, there were marked irregulari- 
ties. We have taken the liberty in these two in- 
stances of using new values obtained by interpola- 
tions. 

RESULTS 

GROWTH AND MINERAL ACCUMULATIONS ON Hoac- 
LAND’s SoLuTION: The data from the greenhouse ex- 
periment are reported: a) graphically in figure 1, as 
the percentages at successive dates of the six elements 
as found in the leaf blades, stems, roots, and in entire 
plants, and b) in table I, as the weights per entire 
plant of these elements. 

During the first five days of the experiment there 
were sharp increases in the concentrations of N, K, 
Ca, and Na. These rapid accumulations took place 
even though during the first four days the seedlings 
had not emerged from the sand. There was no change 
in dry weight between seed kernel and the 5-day-old 
seedlings; such respiratory loss of dry matter as may 
have occurred during germination was evidently re- 
gained by photosynthesis during the fifth day. One 
rather unexpected feature of the data was the loss in 
weight per plant of P during the first five days and 
the continued decrease in P concentration during the 
first 15 days. The gain in Ca (extremely low in the 
seed) was continuous during the full 30-day period, 
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whereas Mg concentration remained almost constant. 
Nitrogen concentration increased only through the 
first five days and then decreased. Except for the 
loss of P and the continued increase in Ca, the first 
15 days of growth (third true leaf one or two cm in 
width) accomplished the transition in mineral percent- 
ages from seed to seedling and balanced the propor- 
tions of the various ions near the levels that were to 
be maintained during the next 15 days of growth. 
Much has been said in the literature about mineral 
changes with ontogeny. -At no later stage in the life 
cycle of the cotton plant are there transitions as 


rapid, or as radical, as those which occurred during 
this early cotyledonary stage of development. 

The rapid uptake, during the first five days after 
planting, of Ca, along with N and K and the simul- 
taneous loss from the plant of a part of the initial 
P, seemed rather surprising. Starting with only 0.08 
mg/kernel of Ca, the seedling plants at 5 days con- 
tained 0.61 mg. The mechanisms for transporting Ca 
to the developing ovules appear to be deficient in the 
cotton plant. The hulls of the cotton seed contain 
only about the same amount of Ca as do the kernels. 
Presley and Leorard (18) after germinating cotton 


TABLE [| 


Dry WEIGHT OF ENTIRE Cotton PLANTS AND WEIGHTS PER PLANT OF ELEMENTS DuRING 
Tuirty Days In Hoactann’s SOLUTION STARTING WITH DaTA FOR THE 


Seep Kernets. (PLANTS EMERGED ON Day 4) 

















N 
Day Dry MATTER 
PROTEIN Torar 
gm mg mg 

0 0.063 3.68 3.83 
5 0.066 2.38 461 
10 1.97 5.42 8.75 

15 3.68 7.29 14.1 

20 7.54 19.0 29.4 

25 16.7 428 65.0 

30 348 89.5 135.9 








P K Ca Mg Na 
mg mg mg mg mg 
0.60 0.63 0.08 0.34 0.04 
0.52 1.64 0.61 0.36 0.47 
0.73 10.1 3.80 1.30 1.52 
1.18 20.4 8.16 2.50 231 
2.86 39.6 19.0 4.98 430 
8.19 81.0 45.0 11.9 9.21 


26.5 168.8 99.8 21.9 9.80 
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Fic. 2. Growth and percentage composition of cot- 
ton plants in the field on Cecil sandy loam soil between 
30 and 150 days from planting. 


seed on filter papers with water found the subsequent 
growth to be more dependent upon a supply of cal- 
cium than any of the 8 species compared. Mason and 
Maskell (14) were unable to find evidence that Ca is 
mobile in the phloem of cotton and emphasized the 
need for a continuous supply. Joham (13) observed 
that with Na present, the impact of transferring cot- 
ton plants from plus-Ca to minus-Ca was lessened 
somewhat. 

The percentage compositions of the stems and roots 
attract attention largely by the fact that whereas N 
and K were especially high, P, Ca, Mg, and Na were 
all grouped near or below the 1 % level. At 30 days, 
Na was higher in the roots than in the stems or blades; 
otherwise there is little evidence of any marked Na 
localization such as has been reported in the litera- 
ture for a number of other plants. 

Starting on day 10, the weights/plant of dry mat- 
ter and of each of the minerals (P and the last Na 
value excepted) tended to double with rather remark- 
able regularity during each 5-day interval. 

FIELD PLANTINGS ON CeEcIL Sanpy Loam: The 
data by Olson and Bledsoe are presented in figure 2 
as percentage compositions on dry weight of cotton 
plants between the ages of 30 and 150 days when 
grown on a relatively rich soil under better than aver- 
age rainfall conditions. These authors noted that the 
rainfall during each of the two seasons averaged six 
inches above normal for the period June, July, and 
August. The stems + leaves and the buds + bolls were 
collected and analyzed separately. The involucres of 
buds and bolls are prominent in the cotton plant and 
resemble leaf tissues; in well fruited upland cotton 
plants, the ratio of involucral area to leaf area is in the 
order of 1:3. Early in the fruiting period, the in- 
volucres contribute substantially to the dry weight of 
bud + boll samples but with the enlargement of the 
early bolls, the weights of the involucres become pro- 
gressively secondary. 

Between 30 and 45 there were both losses and 
gains in the concentrations of the 5 elements (fig 2). 
Day 105 initiated the period of rapid gain in the 





weight of the reproductive tissues. But it was be- 
fore, rather than afterwards, that large declines in 
the concentrations of N, P, K, Ca, and Mg occurred. 
These declines took place both in the vegetative and 
reproductive tissues; only P in the buds and bolls 
gained a little before day 105. From day 105 onward 
the changes in the concentrations of all elements (ex- 
cept Ca which increased) were minor, with small de- 
clines being the rule. It was between days 105 and 
150 that the buds and bolls came to constitute 65 % 
of the total dry weight of the entire plant (figs 3 and 4). 

The relative position of N, P, K, and Mg were 
much the same in the vegetative and reproductive 
tissues but the concentrations were rather uniformly 
lower in the latter. 

The 2,000 lbs/acre of seed cotton obtained during 
the two years of the experiment on Cecil sandy loam 
was on the basis of 23,000 plants per acre. The data 
are recalculated in figure 3 to show the grams/plant 
of dry weight (divided by 100) and of the five ele- 
ments. The noteworthy point in these data is that 
after day 105 there was little change in either the dry 
weights of the leaves+stems or in the grams/plant 
of the five elements in these tissues. There was, how- 
ever, a moderate loss of N from the leaves and stems 
between days 120 and 135. The tendency toward a 
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found in the reproductive tissues from the start of repro- 
duction until day 150. 


leveling off in weight of Ca in the leaves and stems 
was delayed some 15 days longer than that of the 
other elements. Previous data have shown (8) that 
over the main part of the boll-setting period, the car- 
bohvdrate levels in the stems of irrigated cotton also 
tea to remain remarkably constant. 

After day 105 the gains in the dry weight of the 
entire plants (tops) and the increments in mineral 
uptake were represented almost entirely by materials 
that were transported through the vegetative tissues 
to the squares and bolls. This is so nearly the case 
that the percentages of the total dry weight and of 
the totals of the individual elements found in the bolls 
at the end of the season, figure 4, provide a general 
measure (other than for Ca) of the total increments in 
dry weight and minerals that occurred after the first 
month of boll setting. In other words, the vegetative 
tissues became almost completely subservient to fruit- 
ing activities, but in becoming subservient they neither 
lost nor gained appreciably in weight or composition. 

When some allowance is made for the loss of old 
leaves by abscission, for the loss of K from the buds 
and bolls, and for the continued gain in weight/plant 
of Ca, the growth and the mineral-uptake graphs are 
sigmoid flexures with the mid-points lying between 
days 90 and 105, at which time fruiting activities be- 
gan to dominate the growth behavior. 

Cotton is evidently at variance with highly deter- 
minant plants in the maintenance of its mineral com- 
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positions in the vegetative tissues during fruiting. 
Miller’s voluminous data (15) on wheat show thit 
the concentrations of N, P, and sugars found in the 
leaves and stems were only 25 %, or less, as high dur- 
ing late heading as they had been during the early 
boot stage. The concentrations of K in the leaves 
and stems of wheat were also down during heading 
but not as far as the constituents just mentioned. 
Ontogeny, except in the seedling stage, has little evi- 
dent significance in the mineral accumulations of cot- 
ton beyond the fact that the rates of accumulation 
were slowed during the boll period in the same gen- 
eral proportion as the gain in total weight was slowed. 
But with fruiting, the final disposition of accumulat- 
ing materials shifts from the vegetative to reproduc- 
tive tissues. 

The relatively large loss of K from the cotton bolls 
during the last 30 days appears to be a somewhat 
magnified instance of a much discussed subject. Mil- 
ler (15) found examples of a net late-season loss of K 
from all tissues of wheat but such loss occurred in the 
instance of only two out of his 6 plantings; there was 
a loss from the heads in a third planting. 

Olson and Bledsoe, as well as White (21), obtained 
data on the composition of entire cotton plants grow- 
ing on other soils. The following data from Olson- 
Bledsoe (16) illustrate the limited influence of soil 
fertility on the mineral compositions of cotton. At 
the early-square stage the percentage compositions of 
entire plants were as follows. 











FINAL 7 S 
Sort nent N P.O; K:O CaO MgO 
Lbs/acre %o Composition 


Tifton sandy loam 495 36 0.70 34 34 1.0 
Clarksville gravelly 

loam 807 32 060 2.7 3.1 0.7 
Cecil sandy loam 2000 34 063 30 28 ne 





Data such as these are in harmony with the relatively 
small differences occasionally found by others in the 
mineral compositions of plants grown on diverse soils. 
Dunean (5), who reported on corn and soybean grain 
and on brome and timothy hay growing on fertilized 
and on a badly depleted soil of the same type in 
Michigan found the differences in compositions of the 
crops between seasons to be greater than the differ- 
ences between the two soils in any one year. Sims 
and Volk (20), on the other hand, report wide varia- 
tions in the mineral compositions of given vegetables 
when grown on different soils in Florida. 

Cotton AND OTHER PLANTS WITH RESPECT TO 
EarRLy AND LATE ACCUMULATIONS OF MINERALS AND 
Dry Martrer: The data of table II were compiled as 
a means of comparing cotton with other plants in 
terms of the ratios (percentages) of early to late 
growth in the accumulations of dry matter and of 
minerals. The eight crop plants, four dicots and four 
monocots, are among those for which analysis had 
been made at an early stage when the young plants 
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TABLE II 


PERCENTAGES OF LaTE-GrowTH Dry MartrTer veRSUS LATE- 
GrowtH MINERALS Founp In YouNG Priants. (VALUES 
ror MINERALS HicgHER THAN FOR Dry Matter INDICATE 
tHE ExTeENT OF Extra MINERAL-UpPraAKE Durina Earby 














GrowTH) 
LAN Dey nN P K Ca Mg § 
PLANT tae | a g 
> Dicots 
Cotton * 28 Os St BY SS FE x. 
Tobacco ** 2.5 SS 34: 35 24 39 39 
Tomato 7 2.1 35 22 236 31 -47 
Potato tf 3.3 §®0 65 42 33 41 
Monocots 
Barley ¢ 21 21.62 143 .56 aA 
Winter wheat ti 23 75. @F 68 ... a 
Corn * 2.0 a a re 
Sugar cane ” 14 200 S2 614°46 37 
* Olsen and Bledsoe (16), 60 vs 135 days; the latter 


included the bolls which constituted 65 % of the total. 

** Grizzard, Davies, and Kangas (11), 21 days vs 63 
days after transplanting; leaves and stems only. 

+ Hester (12), one month after transplanting vs two 
months later; the latter included fruits which consti- 
tuted 41 % of the total. 

+7 Carolus (4), approx. values taken from graphs 
(pounds/acre) 42 vs 91 days after emergence; the latter 
included the tubers which constituted 42 % of the total. 

t Burd (3, table 2), 5 weeks after planting vs 3 wks 
Selene ripening; the latter included the heads which 
constituted 41 % of the total. 

tt Miller (15, 1933-34 season, means of two varieties), 
Dec. 13 vs June 6, the latter included chaff and grain 
(early dough stage) which constituted 30% of the total 
weight. 

yn (19), 30 vs 91 days after planting; the latter 
(Sept. 3) included the grain which constituted 35 % of 
the total. 

» Ayres (2), 2 vs 14 months; leaves and stems only. 


weighed in the order of 2 or 3% of the weight re- 
ported at some late date. As may be observed in the 
footnotes, the 2 to 3 % stage of development was cus- 
tomarily attained during the second month of growth. 
Substantial losses of K, and occasionally of other min- 
erals, as well’as of leaves, are sometimes noted during 
advanced growth; to avoid such aberrations, data sev- 
eral weeks in advance of final harvest are used for 
barley, wheat and corn. The next to final harvest 
was used for cotton and the tobacco, tomato, and po- 
tato plants were not mature. Of the 8 crops, six had 
a substantial part of the final weight in reproductive 
tissues; only tobacco and sugar cane were composed 
entirely, or nearly so, of stem and leaf tissues. In no 
instance, except for potato, are underground parts 
included. 

If cotton occupies a distinctive position with re- 
spect to its early accumulations of minerals, it would 
appear to lie in its disproportionate uptake of Ca and 
Mg during early relative to late growth. And, con- 
versely, in the restricted early uptake of P. The high 
relative uptakes of Ca and Mg by cotton during the 
first two months of growth are shown by the values 
5.5 and 7.1 which are to be compared with the 2.8 





value for dry matter. Stated otherwise, during the 
first two months of growth, this field cotton accumu- 
lated both Ca and Mg at rates double or more the 
gain in dry matter. The P ratio for cotton is 3.1 
whereas that for wheat is 6.7; wheat had an early-to- 
late dry-matter ratio of 23. Corn as studied by 
Sayre had a phosphorus value that was not out-of-line 
with cotton: 2.5 for P and 2.0 for dry matter. Sayre’s 
value for corn seemed a little surprising since in 
studying other literature on the P accumulation by 
cereals (10, 22), the writers had developed the notion 
that the cereals accumulated large reserves of phos- 
phorus while young. Rather than being characterized 
by rapid early accumulations of phosphorus, it ap- 
pears, instead, that cereals are noteworthy primarily 
in the extent to which they transfer some of their 
minerals, as well as sugars, out of the leaves and stems 
into the heads during late growth. Petri (17) and 
Williams (22) have emphasized the early accumula- 
tions of nitrogen in certain cereals and its later mas- 
sive movement into the reproductive tissues. Table 
II indicates that barley, wheat and cane are more 
avid early accumulators of nitrogen than either cotton 
or corn. 

Even though there is little or no exhaustion in the 
vegetative tissues of cotton as a result of the trans- 
port of minerals or sugars to the bolls during fruiting, 
a marked exhaustion of P in the vegetative tissues 
of cotton does take place when the supply is re- 
moved (9). Arnon et al (1) have shown that the 
fruit of the tomato plant has a high P-priority during 
P-starvation. 


DIscusSION 


The explanation for the uniformity in the vegeta- 
tive structures of the cotton plant as regards their 
weight and their minerals during the period of heavy 
boll development must lie in the fact that cotton has 
the remarkable characteristic of shedding young 
squares and bolls that cannot be brought to normal 
maturity. No instance has been recorded of an over- 
fruiting of the cotton plant that resulted in-a signifi- 
cant reduction in weight/boll—providing, only, that 
conditions remained reasonably suitable for growth 
and boll development. Although over-fruiting, with 
consequent poor fruit weights, is common among hor- 
ticultural plants generally, in cotton, within a variety 
and climatic complex, the number of bolls developed 
tends to remain proportional to the weight of the 
leaves and stems. 

The actual nature of the chemical stimuli respon- 
sible for the drying up of small floral buds and for 
the abscission of young bolls remains unknown but it 
is believed (7, 8) that developing cotton bolls secrete 
a mobile growth-inhibitive substance of anti-auxin na- 
ture which causes enough of the bolls to abscise to 
maintain a balance between fruiting activities and the 
vegetative stature of the plant. This boll-setting in- 
hibitor is evidently responsible, also, for the suppres- 
sion of vegetative growth after boll setting has pro- 
gressed; when the earliest bolls set by well-fruited 











cotton plants start to open, it is usual for the plant to 
renew its vegetative growth and at the same time to 
start to set new bolls. Because of the maintenance of 
carbohydrate and nitrogen in the vegetative tissue 
and, as shown in this paper, of the minerals in gen- 
eral, the old nutritional theory of boll shedding is re- 
garded as inadequate. 

The rate of mineral accumulations by the cotton 
plant are shown in figure 3 to be maintained well 
during fruiting. The maintenance of mineral uptake 
is undoubtedly related to the simultaneous mainte- 
nance of sugars at levels ample to support the respira- 
tory activities involved in mineral accumulations. 
Conversely, the background activities that support 
photosynthesis are dependent upon the maintenance 
of mineral concentrations in the leaves. 

Considered in the light of the foregoing, the cotton 
plant, through the agency of boll shedding, has devel- 
oped a rather remarkable mechanism for the mainte- 
nance of the mineral and carbohydrate levels essen- 
tial for the continued production of high quality fibers 
throughout the period of boll development. New bolls 
are customarily set by the cotton plant over a period 
of 4 to 5 weeks in July and early August. Each boll 
in upland cottons requires 45 or more days before it 
opens. With any substantial deterioration in the nu- 
trients of the vegetative tissues, deteriorations would 
result also in the length, strength, and weight/inch of 
the fibers. With marked deteriorations in any of 
these fiber properties, the cotton would become un- 
suitable for the spinning of high quality yarns. 

The Olson-and-Bledsoe plants were heavily fruited 
with the weight of the bolls at 150 days constituting 
66 % of the dry weight of the entire plants. After 
day 120 there was no gain in the dry weight of the 
leaves and stems. The data are regarded as repre- 
senting the normal behavior of productive strains of 
upland cotton under suitable environmental condi- 
tions. Plant behaviors somewhat different from the 
foregoing can probably be expected here and there 
in the instance of cotton strains under growth condi- 
tions that cause them to be highly determinate and in 
the instance of plants which either by inheritance or 
because of insect damage are poorly fruited. In highly 
determinate cottons it is not unusual for the plants to 
lose color and appear senescent by the time the first 
bolls are about ready to open; something similar hap- 
pens when the supply of N runs out after the plants 
have set bolls. In such plants it would not be unex- 
pected to find late-season reductions both in the min- 
erals and carbohydrates as fruiting progressed. Poorly 
fruited plants continue a vigorous vegetative expan- 
sion throughout the summer. In such plants one 
might expect to find mineral concentrations that cor- 
respond to the higher values observed in figure 2 in 
advance of fruiting. Increased concentrations of 


sugars and a stimulated uptake of certain minerals 
have been found (6) after bolls are removed from 
cotton plants. In well illuminated cotton plants it is 
usual to find 6 or 7 bolls/100 gm fresh stems and 
leaves but under muslin shades the number of bolls 





174 PLANT PHYSIOLOGY 





has been reduced to half. Large plants, with much 
self-shading, have lower relative-fruitfulness valves 
than small plants. 


SUMMARY 


1. The growth and mineral accumulations of cot- 
ton plants were measured at five-day intervals for 30 
days. The plants were germinated and grown in 
Hoagland’s solution in a warm-to-hot summer green- 
house. Between the seed kernels and five-day-old 
seedlings (emergence on day four) there was no change 
in dry weight nor in weight of Mg per plant but there 
were large accumulations of N, K, Ca, and Na, and a 
loss of P. At no later stage in the life cycle of the 
cotton plant are there such rapid or pronounced 
changes in mineral compositions. The concentration 
of P (not the wt/plant) declined to day 15 and then 
started to rise. The concentration changes between 
days 15 and 30 were for the most part minor. Be- 
tween days 10 and 30 the weight/plant and the weights 
of the several elements showed strong tendencies to 
double at 5-day intervals. 

2. As grown in Georgia on a fertile field soil with 
better than average rainfall (original data by Olson 
and Bledsoe) entire cotton plants showed sigmoid 
gains in dry weight and in mineral accumulations over 
a 150-day period; the time of the most rapid increases 
centered at, or a little before, 105 days. N and Ca 
increased to day 150 and the weight of K per plant 
decreased sharply after day 120. 

3. During the development of the bolls, there were 
large increments in dry matter and in weight/plant 
of N, P, K, Ca, and Mg. Except for an extra reten- 
tion of Ca in the vegetative tissues, these increments 
passed through the vegetative tissues to be deposited 
in, and to promote the growth of, the buds and bolls. 
During the heavy boll setting and the growth of the 
older bolls, there were neither substantial gains nor 
losses in the dry matter or minerals of the vegetative 
tissues. 

4. At maturity the weight of buds and bolls con- 
stituted 66 % of the weight of the entire plant. The 
buds and bolls contained 57 % of the total N, 79 % 
of the P, 46 % of the then remaining K, 53 % of the 
Mg, but only 34% of the Ca. As fruiting advanced 
there was a small net export of P from the vegeta- 
tive to the reproductive tissue but between days 105 
and 150 the weight of P/plant doubled. 

5. The maintenance of uniform concentrations of 
minerals in the leaves and stems (and of carbohy- 
drates in the stems) during heavy fruiting appears to 
characterize the reproductive cycle of the cotton plant. 
It is this characteristic which permits the cotton plant 
to produce uniform fibers over a prolonged period of 
boll development. The basis of this unique adaptive 
mechanism lies in the fact that through the agency of 
abscission the cotton plant discards superfluous bolls 
that could not be brought to normal maturity. The 
shedding of superfluous bolls is evidently induced by 
the secretion from developing bolls of an anti-auxin 
type of material which diffuses out through the plant 
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to curtail vegetative expansion and induce the abscis- 
sion of new bolls as relative fruitfulness comes to ex- 
ceed around 6 to 7 bolls/100 gm of fresh leaves and 
stems. Without shedding, the late-season fibers would 
inevitably be shorter, weaker, and finer and, thereby, 
poorly suited to the spinning of high quality yarns. 
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A RE-EXAMINATION OF THE SUPPOSED EFFECT OF 
RIBOFLAVIN ON GROWTH? 


C. L. MER 


Researcu INsTITUTE oF PLANT PuysioLtocy, IMPERIAL COLLEGE or ScieNce & TECHNOLOGY, 
Lonpon, S.W. 7, ENGLAND 


In 1949 Galston (9) published his observations on 
the photoinactivation in vitro of indoleacetic acid 
(IAA) by riboflavin (RFN) and this result was sub- 
sequently used by Galston and Baker (11) to explain 
the different behaviour of etiolated pea stem segments 
in light and darkness when grown in media contain- 
ing IAA and RFN. It was reported that the elonga- 
tion of these segments was promoted in darkness but 
inhibited in the light (11, fig 1, and table 1, p. 774). 
They considered, but found no evidence for, the sug- 


1 Received August 1, 1956. 


gestion that the observed behaviour of the pea seg- 
ments was due to photodecomposition products of 
riboflavin and-concluded that “. . . riboflavin exerts its 
inhibitory effect on growth by sensitizing the photo- 
inactivation of auxin or some other growth factor... .” 
They found that native auxin from coleoptiles, col- 
lected in agar blocks by diffusion, was inactivated by 
added riboflavin in the light, and also that IAA was 
inactivated by a concentrated pea brei. Examining 
the matter further they showed that the action spec- 
trum for phototropism was similar to that for the 
inactivation of IAA by riboflavin in vitro. While they 


appreciated that the spectrum for phototropism was 
similar to the absorption spectrum for carotene, the 
accumulated evidence was considered sufficient to war- 
rant the theory that riboflavin is a major photorecep- 
tive agent causing the inactivation of auxin in both 
light-inhibited extension growth and phototropic phe- 


nomena. 

Although light-inhibition of elongation and photo- 
tropism have both been referred to changes in auxin 
metabolism they seem in some respects to be different 
phenomena, e.g., extension growth of stems is most 
effectively reduced by red light (24, 32, 33) but is af- 
fected by blue light only slightly (32) whereas photo- 
tropic responses are most readily evoked by blue light 
and hardly at all by red light (10). Again photo- 
tropic perception does not take place under anaerobic 
conditions (1) but under these conditions illumina- 
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Fic. 1. The method of growing and treating the 
plants. A shows the upper tube (Y), lower tube (W) 
and connecting tube of silicone rubber (X). The plant 
was cut off just above the seed by pulling the upper and 
lower tubes apart and drawing the plant across the knife 
blade (K). The outlined upper part of the seedling is 
the coleoptile, the lower solid part is the mesocotyl. B 
shows the numbered test-tube with raised inner tube (Z) 
containing the test solution into which the severed 
plumule is being introduced. The constriction and the 
thread attached are also shown. C shows the severed 
plumule in position. The test-tube number has been 
omitted for clarity. 
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tion reduces the growth of stem tissues (23). This 
diverse behaviour makes an explanation in terms of a 
single reaction—the inactivation of auxin by ribo- 
flavin in the light—somewhat improbable. 

With a view to ultimate experiments on the photo- 
tropic responses of coleoptiles with increased ribo- 
flavin content, both the entry of riboflavin into the 
plumule through the basal cut surface and its effect 
on the growth of the coleoptile were studied. 


THE GROWTH OF SEVERED COLEOPTILES 


MATERIALS AND MeETHOps: Avena sativa L. (Svalof 
Victory) was used in the majority of the experiments; 
in the remainder Triticum sativum L. (var. Pedigree) 
was used. The seed was supplied by Messrs. S. Fin- 
ney & Sons of Newcastle. 

The oats were dehusked and planted individually 
in glass cylinders (fig 1A). The lower part (w) con- 
tained two short slips of filter-paper and was par- 
tially filled with culture solution (KH»PO,4, 0.3 gm; 
Ca(NOg)o, 0.94 gm; MgSO, 0.49 gm; KNOs, 0.3 gm; 
distilled water 1000 ml). The upper tube (y) was at- 
tached by a short length of silicone-rubber tubing (x). 
Before use the cylinders were sterilized; then opened 
under a sterile hood to plant a spergon-dusted seed 
between the filter papers; the upper tube was then 
replaced. After four days growth at 24° C in a ther- 
mostat, the length of the coleoptile was measured 
through the glass and the upper tube was pulled off 
so that the mesocotyl could be cut just above the seed 
by pulling the plant against a sterile knife blade (k) 
mounted on a stand (fig 1A). The plumule, which 
remained in the upper glass tube, was transferred 
aseptically to a numbered test-tube containing the 
test solution in the inner tube (z, fig 1, B and C). A 
thread tied at the constriction passed out of the test- 
tube so that removal of the plug pulled up the inner 
tube and the plumule could be fed into it. The inner 
tube and plumule were then slowly lowered into the 
test-tube, which was replugged. If the plumule 
touched the inside of the test-tube it adhered to the 
glass and the inner tube descended without the plant; 
with practice, however, this was avoided. Thus the 
coleoptile itself was not immersed in the solution, 
which entered the plant via the transpiration stream. 

The transferences and initial measurement of the 
coleoptile in each numbered tube were carried out in 
dim orange light, and after remaining for two hours 
in darkness those plants to be treated were illumi- 
nated for one hour (100 ft-c). All plants were then 
returned to the thermostat and after a further 3-days 
growth the coleoptiles were remeasured and the in- 
crements of growth obtained. 

EXPERIMENTAL ReEsutts, Factorial Experiments + 
IAA + Riboflavin + Light: In these experiments four 
test solutions were employed which were sterilized be- 
fore use: control (0.01 M phosphate buffer, pH 6.4 
with 2% sucrose) and control with IAA and ribo- 
flavin separately and together at a concentration of 
1 ppm. These were duplicated for + light in each of 


four blocks. There were 7 replicates per treatment 
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per block, making a total of 224 replicates for each 
experiment. 

The initial lengths of the coleoptiles and the in- 
crements of growth for one experiment are shown in 
table I. 

An analysis of covariance was carried out on these 
data using the method described by Snedecor (26, sec- 
tion 12.7). This analysis, referring to a nutritional 
experiment, is not carried to completion; the sum of 
squares attributable to each of the nutrients under 
discussion and their interactions are not individually 
computed. In the present instance, however, it was 
essential to estimate separately the main effects and 
their interactions and these are also recorded in table 
I. Variability due to blocks and their interactions 
which are not of immediate concern have been 
omitted. 

The results show a highly significant effect of il- 
lumination, and a significant interaction between IAA 
and RFN, but no main effect of either IAA or RFN. 
The very large interactions anticipated between RFN 


TABLE I 


Errect or IAA, RFN anp LIGHT ON THE GROWTH OF 
SeveRED Oat COLEOPTILES 








Buck JAA+RFN IAA RFN 
oes xX ¥ | ae ; a s. 2 


CoNnTROL 








Not illuminated 


1 91 148 119 156° 124 162 122 159 
2 103. 148 109 152 92 157 109 142 
3 93 160 91 163 97 161 89 147 
4 93 152 102 157 89 170 100 154 
Total 380 608 421 628 402 650 420 602 
Illuminated 
1 117 98 107 105 94 115 101 104 
2 90 115 107 103 91 116 100 101 
3 95 124 97 118 110 100 97 108 
4 103. 104 103 117 95 120 100 115 


Total 405 441 414 443 390 451 398 428 





X = Total initial length in mm. Y = Total increment 
of growth in mm. 

Measurements of 7 replicate coleoptiles per treatment 
per block + 1 ppm indoleacetic acid (IAA) and riboflavin 
(RFN) as indicated in 0.01 M phosphate buffer with 2 % 
sucrose at pH 6.4. Pretreatment of 2 hrs in these solu- 
tions in darkness, then + illumination (100 ft-c for 1 hr). 
Plants grown 3 days after treatment. 


ANALYSIS OF COVARIANCE 





D.F. MEAN sq. 


RFN 1 6.10 
IAA 1 0.40 
Light 1 2631.68 77 
IAA x RFN 1 41.747 
REN x light 1 0.01 
TAA x light 1 3.77 
IAA x RFN x light 1 961 
Error 191 791 





+ Significance, 5 %. 
+7 Significance, 1%. 
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TABLE II 


Errect or IAA oN THE GROWTH OF SEVERED OAT 
COLEOPTILES 











MEASURE- Nor pa! 
IAA, ppm nee * veeiceamneiiin ILLUMINATED 

100 X 538 542 
100 529 351 

50 Xx 531 497 

50 Y 592 382 

25 X 552 475 

25 ¥ 650 418 

0 Xx 592 502 

0 Y 715 446 





*X =Total initial length in mm. Y= Total incre- 
ment of growth in mm. 

Measurements of 28 replicate coleoptiles; 2 hrs pre- 
treatment in darkness then + light (100 ft-c) for 1 hr. 
Solutions: phosphate buffer (0.01 M with 2% sucrose, 
pH 6.8) +IAA as indicated. Final measurements 3 days 
after illumination. 


ANALYSIS OF COVARIANCE 





jhe A MEAN sQ. 





IAA 3 266.61 +7 

Light 1 3711.30 77 

IAA + light 3 38.14 7 
Error 191 8.92 





¥ Significance, 5 %. 
£ ’ 
tt Significance, 1%. 


and light and also between all three factors were ab- 
sent and so that found between IAA and RFN ap- 
peared dubious, especially when the responses of the 
illuminated and dark sets were analysed separately. 
In the light the interaction IAA x RFN was not sig- 
nificant (F =0.99) while in darkness it was highly so 
(F =4.74; 3.94 is required for significance at 5% 
level). In two further experiments this interaction 
was negligible (F =0.53 and 0.04) while in a third it 
approached significance (F = 3.58). IAA and RFN do 
not interact in vitro in darkness and they therefore 
would not be expected to do so in vivo. 

The concentration of IAA and RFN (1 ppm) used 
in these experiments was that found to be effective by 
Galston and Baker (11) for pea epicotyl segments. 
In the absence of similar effects in these experiments 
further work was undertaken with IAA and riboflavin 
separately to find effective concentrations which could 
later be used in a composite experiment. 

Experiments with IAA Alone: A range of concen- 
trations from 100 ppm to 0.1 ppm were used but sig- 
nificant effects were only found with the higher con- 
centrations. The result of an experiment employing 
100, 50, 25, 0 ppm is recorded in table II together with 
the analysis of covariance. 

The effect of increasing the concentration of IAA 
is apparently to decrease the growth of the coleoptile. 
Quite apart from the variation in initial length the in- 
crements show a step-wise decrease as the concentra- 
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tion increases. This result agrees with that recorded 
by Avery and La Rue (2), who similarly found a re- 
duction in growth when IAA was applied to cut-off 
coleoptiles through the exposed basal surface. 

Experiments with Riboflavin Alone: Experiments 
carried out with concentrations of riboflavin up to 60 
ppm gave entirely negative results. 

In all these experiments the increment of growth 
was obtained three days after the beginning of treat- 
ment, but in the following experiment daily increments 
of growth were observed in case a transient effect of 
riboflavin was escaping observation. The result is re- 
corded in table III. 

These data again show neither an effect of ribo- 
flavin nor an interaction with light. 

Entry of Riboflavin into the Plumule: In view of 
the failure to detect an unequivocal effect of ribo- 
flavin on the growth of the coleoptile its entry into 
the plumule was directly determined. Plants were 
cut off as described and dipped into a solution con- 
taining 60 ppm of riboflavin (in phosphate buffer pH 
6.8 with 2% sucrose). After treatment for 2 or 24 
hours in darkness they were dissected into three parts 


TABLE III 


Dairy GrowTH or SevereD Oat CoLeopTiILtes WHEN 
SUPPLIED WITH RIBOFLAVIN 








Days 








Re cveaird MEAsuRe- ILL UMINATED Nor ILLU MINATED 
ntumi- MENTS" .LRFN -RFN +RFN -RFN 
NATION 
1 x 133 122 133 126 
Y 65 64 76 83 
2 x 119 151 135 146 
Y 125 116 162 163 
3 x 112 129 121 134 
Y 157 150 224 217 
4 x 159 156 144 140 
Y 123 127 225 224 
5 x 123 133 117 144 
Y 135 156 264 239 
6 % 136 141 125 123 
Y 148 149 245 269 





*X =Total initial length in mm. Y= Total incre- 
ment of growth in mm, 

Measurements of 8 replicates per treatment per day. 
Solution: 0.01 M phosphate buffer, pH 6.7 + sucrose, 2 %, 
and riboflavin, 60 ppm. Pretreatment 2 hrs in darkness, 
then + light (100 ft-c) for 1 hr, then darkness for re- 
mainder of growing period. First measurement 24 hrs 
after termination of illumination. 


ANALYSIS OF CovARIANCE 





DF. MEAN sq. 


RFN 1 18.34 

Light 1 3723.27 7 

RFN x light 1 0.01 
Error 185 10.89 





+ Significance, 1%. 
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TABLE IV 


ESTIMATION OF THE RIBOFLAVIN (RFN) ConTENT oF Oar 
PituMutes Diprep 1n Sotution A ConrTAINING 0.01 M 
PHOSPHATE BUFFER WITH 2% SucrosE + 60 ppm RI'N 











REN contTENT, 4GM/GM DRY WT 





PLUMULE PART 2 Hrs 24 Hrs 


-RFN +RFN -RFN +RFN 


Coleoptiles 35.9 25.9 22.9 88.4 
37.2 27.5 22.8 51.2 


Mesocotyl (upper half) 27.2 21.0 20.0 72.8 
18.0 18.5 23.3 66.4 


Mesocoty! (lower half) 27.6 129.0 176 432.0 
28.2 125.0 223 581.0 


B. pH 95 
Coleoptiles 33.0 33.6 30.5 125.6 
Mesocoty] (upper half) 18.1 19.6 23.8 shee 
Mesocotyl (lower half) 29.1 102.4 33.3 465.9 














—coleoptiles and upper and lower halves of the meso- 
cotyl. The lower half of the mesocotyl which had been 
immersed in the solution was thoroughly rinsed to re- 
move any superficial riboflavin. The material was 
dried, weighed and assayed for riboflavin content 
using the standard microbiological technique employ- 
ing Lactobacillus casei (21). The results in micro- 
grams of riboflavin per gm dry weight for two experi- 
ments in each treatment are recorded in table IV A. 

These results show that in a 2-hour application 
riboflavin did not reach the coleoptile but remained in 
that part of the plumule actually immersed in the 
solution. In 24 hours, however, the content of all 
parts of the seedling had increased. 

The failure therefore to detect the effects of ribo- 
flavin on growth was due to the use of a 2-hour pre- 
treatment period, for in this time riboflavin did not 
reach the coleoptile. This slow movement was in 
marked contrast to the behaviour of eosin, which 
reached the tip of the coleoptile in 2 to 3 minutes. It 
was erroneously assumed that riboflavin similarly ap- 
plied would travel as fast and that 2 hours would 
therefore provide ample time for it to pervade the 
tissues. 

In 24 hours, however, the riboflavin content of the 
coleoptiles had increased considerably. It might be 
expected therefore that its prolonged application in 
darkness would lead to a promotion of growth as re- 
corded by Galston and Baker (11). In this connec- 
tion some of the results already mentioned may be re- 
considered, particularly those referring to the plants 
treated with riboflavin in darkness. Although these 
plants were supplied continuously with riboflavin dur- 
ing the 3-day growing period, they showed no pro- 
motion of growth. Also, the plants whose measure- 
ments are recorded in table III were treated for 1 to 
6 days, but these, too, showed no significant growth 
promotion. Nor did they display a depression which 
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usually follows the administration of metabolically ac- 
tive substances in grossly supraoptimal concentrations. 
It would appear therefore that riboflavin does not 
readily enter the protoplast. 

The very large effect of light which appeared in all 
these experiments requires further consideration. From 
the foregoing statements its depressant effect on growth 
cannot be due to variation in riboflavin content and 
it must consequently be due to some other factor. All 
the accumulated data were therefore re-examined, in 
particular the relation between the increment of 
growth and the initial length of the coleoptile. The 
224 individual observations of experiment 1 (table I) 
separated into light and dark sets are shown plotted 
in figure 2. It is clear that the initial length of the 
coleoptile is an important factor in determining the 
growth increment after a short exposure to illumina- 
tion. Moreover, in darkness there is a positive cor- 
relation between the measurements (slope = 0.178) 
while after illumination the correlation is strongly 
negative (- 0.539). As the slopes of these regressions 
are significantly different (t= 7.8) a strict covariance 
analysis is illegitimate. 

This discrepancy between illuminated and dark 
plants is a matter of some importance in connection 
with the use of tissue segments for such experiments. 
By cutting sections of uniform length from a variable 
plant population the effect of the initial length of the 
plant on the subsequent growth of the segments can- 


ILLUMINATED 
28 
26) 


24} 





INCREMENT (MM) 








not be determined and no correction can be made for 
differential responses in light and darkness. 

An explanation of this different behaviour may be 
tentatively made on the lines suggested by Thompson 
(29, 30) namely that the longer coleoptiles are more 
mature, and as the effect of light is to hasten maturity 
they consequently elongate less than shorter coleop- 
tiles which are less mature. 

Alternative Methods of Raising the Riboflavin 
Content of Coleoptiles: 1) Charles (5) has directed at- 
tention to the slow movement of basic dyes and of 
some antibiotics into leaves whose cut petioles were 
immersed in solutions of the substances. He at- 
tempted to explain the phenomenon by suggesting 
that the xylem walls were negatively charged so that 
positively charged molecules would tend to be re- 
tained. Similar results have been reported by Crowdy 
and Pramer (6, 7) and Pramer (25). 

With a view to facilitating the movement of ribo- 
flavin in oat plumules an experiment was carried out 
with a riboflavin solution buffered to pH 9.5. 

The plants were grown as previously described 
and the severed plumules were dipped into a solution 
of riboflavin (60 ppm) for 2 or 24 hours in darkness. 
Some plants were then assayed for flavin content 
while others were exposed to light (100 ft-c) for one 
hour, yet others remaining in darkness as controls. 
While exposed the coleoptiles of the plants were meas- 
ured to determine their growth during pretreatment 


NOT 


ILLUMINATED 
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Fic. 2. The relationship between the initial length of the coleoptile and increment of growth in 3 days in 
darkness and after a 1-hr exposure to light (data of table I). Individual observations (112) in each set (+ light) 
comprising the four treatments (IAA+RFN; IAA alone; RFN alone and controls), which are not separately indi- 
cated. Single circles are single observations. The numbers in the circles refer to the number of observations occur- 


ring on the same point. Regression slopes: Illuminated = — 0.539; not-illuminated = 0.178. 
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and the corresponding information for the dark con- 
trols was obtained by exposing these plants very 
briefly to dim red light and measuring them. After 
treatment the plants were remeasured after a further 
48 hours growth in darkness at 24° C. 

The results of the flavin analyses are entered in 
table IV B. When these are compared with those re- 
corded in table IV‘A (solution at pH 6.8) it will be 
seen that the results are very similar in that no ribo- 
flavin reached the coleoptile after a 2-hour treatment 
but it had done so in 24 hours. These latter plants 
were thus known to have a high content of riboflavin 
and they were therefore suitable for testing interac- 
tion between riboflavin and light on the growth of 
the coleoptile. The initial measurements and incre- 
ments of the plants pretreated for 24 hours are shown 
in table V. The data appertaining to the 2-hour pre- 
treatment are not quoted as no effect on growth was 
found. 

Because of the inapplicability of a strict covari- 
ance analysis already mentioned the data for the il- 
luminated and dark sets of plants were analysed sep- 
arately, and the interaction between riboflavin and 
light was evaluated by a ¢ test. 

The effect of illumination is immediately apparent 
from the figures; it will also be seen that there was 
no effect of riboflavin on growth nor an interaction 
with light. The absence of an interaction could not 
have been due to lack of riboflavin in the coleoptile, 
it must be attributed either to the failure of ribo- 
flavin to penetrate the protoplast or, if entry did oc- 
cur, to the absence of a reaction with the naturally 
occurring auxin. 

2) Oat and wheat plants were grown in a culture 
medium containing 60 ppm of riboflavin for 5 days. 


TABLE V 


Errect oF RIBOFLAVIN ON THE GROWTH OF SEVERED 
Oat CoLEoPTILes 











INITIAL PRE-ILLUM. Ls PostT-ILLUM. 
LENGTH, INCREMENT, poring INCREMENT, 
MM MM sii MM 
-RFN 
444 310 100 99 
483 278 0 231 
+RFN , 
477 316 100 93 
482 276 0 236 





Measurements of 26 replicates per treatment. Ribo- 
flavin solution (60 ppm) in 0.01 M phosphate buffer with 
2% sucrose at pH 9.5. Pretreatment 24 hrs in darkness, 
then light for 1 hr. Final measurements 48 hrs after 
termination of illumination. 


ANALYSIS OF COVARIANCE 





Effect of riboflavin—a. Pretreatment increment: F = 0.46 
b. Post-illum. increment: 


Illuminated: F = 0.54 
Not illum.: F = 0.09 
RFN x light: t = 0.53 


TABLE VI 


Fravin Content or Oat AND WHEAT PLANTS GROWN IN 
RIBOFLAVIN SoOLuTION (60 PPM) FoR Five Days 








FLAVIN CONTENT (4GM/GM DRY WT) 
PLANT PARTS - =a 








-RFN +RFN 
Oat 
Coleoptiles 25.1 24.2 
23.0 22.6 
Mesocotyl (upper half) 15.7 14.1 
14.2 13.7 
Mesocotyl (lower half) 23.4 27.5 
18.9 26.8 
Roots 23.2 466.0 
15.2 402.0 
Wheat 
Coleoptile (upper half) 8.9 10.0 
Coleoptile (lower half) 98 98 
Roots 14.7 300.3 





They were then dissected and assayed for flavin con- 
tent. The results are recorded in table VI. 

These results show that riboflavin applied to the 
seedlings in this way failed to reach the coleoptiles; 
in all probability it failed to enter the plants at all, as 
the high value was most likely due to the adsorption 
of riboflavin on the external walls of the root system. 


THE GROWTH OF WHEAT COLEOPTILE 
SEGMENTS 


It has been shown that riboflavin moves slowly in 
the xylem of oat plumules and that it fails to influence 
the growth of the coleoptile. 

If it be true as Charles (5) suggested that slowly 
moving molecules are bound by electric charges to 
the xylem walls, there is a high probability that once 
attached they remain so and do not enter the proto- 
plast, even though as a result of immersion the tissue 
shows a high content of the particular molecule. It 
was thus important to repeat the previous experi- 
ments using segments of tissue actually immersed in 
the solutions, as was done by Galston and co-workers 
(11, 14). 

MATERIALS AND MetHops: Wheat (var. Pedigree) 
was used for these experiments. The plants were 
grown for 4 days at 24°C, continuously swept with 
air (purified by passing it through an activated-carbon 
filter) saturated with water vapour. From each cole- 
optile a single 10-mm segment was cut after discard- 
ing a 3-mm tip section. The segments were prepared 
in dim red light and distributed 5 at a time into small 
specimen tubes containing 0.5 ml of the test solution. 
The tubes were then rotated on a klinostat (20) for 
a 3-hour pretreatment period in darkness, after which 
those to be illuminated were exposed for 0.5 to 1 hr to 
white light (400 to 500 ft-c). During exposure the 
segments were measured to provide information on 
their extension during pretreatment. After exposure 
the tubes were returned to the klinostat for a total 
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TABLE VII 


Errect OF RIBOFLAVIN AND LIGHT ON THE GROWTH 
oF WHEAT COLEOPTILE SEGMENTS 








REN conc, uGM/ML 








L:GHT, FT-C 
10 1 0.1 0.01 0 
Total increment, mm 
100 287.5 276.0 277.5 264.5 286.5 
0 323.5 317.0 322.5 313.5 322.5 
Post-illumination increment, mm 
400 246.0 242.5 243.0 231.0 249.0 
0 282.0 283.5 288.0 280.0 285.0 





Measurements of 30 segments per treatment. Solu- 
tion: 0.01 M phosphate buffer, pH 6.8 with 2% sucrose 
+ riboflavin at concentrations stated. Pretreatment for 
3 hrs in darkness then + light for 1 hr. Final measure- 
ments 24 hrs after beginning of experiment. 


ANALYSIS OF VARIANCE 





MEAN SQ 





DF. ToraL 


INCREMENT 


Post-ILLUM. 
INCREMENT 





RFN 4 14.98 6.6 


Light 1 714.15 ¢ 714.14 ¢ 
Interaction 4 2.69 2.69 
Error 50 9.54 10.66 





+ Significance, 1%. 


period of 24 hours when the segments were remeas- 
ured and the total increment obtained. 

The experiments comprised a factorial design of 
+JAA + RFN (both at 1 ppm in 01 M phosphate 
buffer, pH 6.8 with 2 % sucrose) + light, and in addi- 
tion a range of concentrations when using RFN alone. 
Six replicates (each of 5 segments) were used per 
treatment and the data were analysed statistically in 
two ways, a) using total increment and b) post-il- 
lumination increment only, by making the assumption 
that the increment of growth during the pretreatment 
period was uniform among replicates within treat- 
ments. 

For convenience and also to economise material 
the experiments were executed at the same time. The 
data for the controls and RFN (1 ppm) were there- 
fore common to the two experiments. 

Resutts: The result of one such experiment is 
shown in tables VII and VIII. In table VII are re- 
corded the increments in the different concentrations 
of riboflavin. It will be seen that they were slightly 
less than the increment in the control solution, but 
there was neither a significant effect of riboflavin nor 
an interaction with light. Y 

The post-illumination increments of the illumi- 
nated segments are of some interest because they did 
not differ significantly from the increment of growth 
of the control segments. Thus uniform growth was 
shown which implies uniform auxin content, so that 
inactivation of the native auxin by the riboflavin ab- 


sorbed from the medium during pretreatment could 
not have taken place upon illumination. This leads 
to the conclusion that the applied riboflavin either did 
not enter the cells, or if it did, then it failed to react 
with the native auxin. 

The result of the factorial experiment (+ IAA + 
RFN = Light) is shown in table VIII. The data for 
total increment are directly comparable with the cor- 
responding treatments in Galston & Baker’s experi- 
ments, except that they mention no pretreatment in 
darkness nor do they include data on the growth of 
pea epicotyl segments in a medium containing ribo- 
flavin alone. 

Two features call for comment: the significant ef- 
fect of riboflavin and the interaction between IAA and 
light. 

In the concentration series already discussed (table 
VII) riboflavin did not affect the growth of the seg- 
ments, consequently the significant effect shown in 
this factorial experiment must be regarded as spurious. 
It clearly arose from a treatment not included in the 
concentration series and it was obviously due to the 
small post-illumination increment in the treatment 
ITAA +RFN +light (261 mm) as compared with that 
in IAA+light (306 mm). For significance at 5% a 
difference of 32 is required between the entries. Of 
the four comparisons involving RFN only that be- 
tween RFN + IAA + light and IAA + light gives a sig- 


TABLE VIII 


Errect or IAA, RiportAvin AND LIGHT ON THE GROWTH 
OF WHEAT COLEOPTILE SEGMENTS 





LiGHrT, FT-c IAA+RFN RFN TAA CoNnTROL 





Total increment, mm 


400 338.5 276.0 380.0 286.5 

0 421.5 317.0 431.0 322.5 
Post-illumination increment, mm 

400 261.0 242.5 306.0 249.0 


0 344.0 


283.5 357.0 285.0 





Measurements of 30 coleoptile segments immersed in 
0.01 M phosphate buffer, pH 6.8 with 2% sucrose + IAA 
and riboflavin (1 ppm) + light for 1 hr after 3 hrs pre- 
treatment in darkness. Final measurement 24 hrs after 
beginning of experiment. 


ANALYSIS OF VARIANCE 





MEAN SQ 
ToraL PostT-ILLuUM. 
INCREMENT INCREMENT 





DF. 





IAA 1 2836.67 +7 901.33 *7 
RFN 1 93.51 + 90.75 + 
Light 1 927.51 7 927.52 7 
IAA x RFN 1 25.54 52.08 
IAA x light 1 67.70 ¢ 67.69 
REN x light 1 28.53 28.52 
Triple interaction 1 15.18 15.19 
Error 40 16.95 20.60 





+ Significance, 5 %. 
tt Significance, 1%. 
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nificant difference, but this is so large that it wholly 
overshadows the absence of significance in the other 
three comparisons. The small increment in this treat- 
ment was due not to the presence of RFN but to the 
removal of IAA, for after illumination this medium 
was free of IAA by photodestruction and thus con- 
tained only RFN (it will be shown later in table IX 
that a brief illumination did not decompose RFN). 
It would thus be expected that the post-illumination 
increment in this treatment would equal that in the 
medium containing RFN alone, and the values in the 
table (261 mm and 242.5 mm), in fact, do not differ 
significantly. 

The interaction between IAA and light arose from 
the same cause, namely, the inclusion of the treat- 
ment IAA +RFN +light as such, in the appropriate 
computation. 

The results thus show a strongly promotive effect 
due to IAA, a strongly inhibitory effect of light and 
no effect unequivocally attributable to riboflavin; 
first and second order interactions, upon analysis, all 
failed to reach significance. 


ON THE PHOTOLYSIS OF IAA IN VITRO 


The papers of Galston and co-workers (9, 10, 11) 
leave little doubt that they consider riboflavin to be 
important in growth and phototropic phenomena as an 
agent causing the destruction of IAA in light. Subse- 
quently the role of riboflavin was attributed to a flavo- 
protein system and peroxidase and this led to the in- 
vestigation on IAA-oxidase (12, 13). The validity of 
the flavo-protein hypothesis has been questioned by 
Kenten (22) who has shown that when the very power- 
ful IAA oxidase found in the wax-pod bean was in- 
activated by the removal of its prosthetic group its 
activity was not restored by the addition of either 
riboflavin, flavin mononucleotide (FMN) or flavine- 
adenine-dinucleotide (FAD). Further, Goldacre (16) 
using chromatographic techniques, has shown that the 
photoelastic activity of pea extracts with respect to 
IAA is confined to spots which do not correspond in 
position with riboflavin. 

Further experiments were therefore carried out 
with a variety of flavin derivatives. 

MATERIALS AND MeEtHops: IAA solutions were 
used at a concentration of 25 pgm/ml, to which was 
added 1 ppm of riboflavin, FMN, lumiflavin (LFN), 
acriflavin (AFN) or picric acid. Corresponding solu- 
tions were kept in darkness or exposed continuously 
to white fluorescent light (100 ft-c), and aliquots were 
withdrawn at intervals for the determination of IAA 
content by the Salkowski reaction (28). The maxi- 
mum r:2ading was obtained by observing the develop- 
ment of the pink colour at minute intervals on a EEL 
colourimeter with a 625 green filter. In the tests with 
RFN and FMN microbiological assays were also car- 
ried out. The IAA and riboflavin used was supplied 
respectively by British Drug Houses Ltd. and La 
Roche, but lumiflavin was prepared as described by 
Warburg & Christian (32), and it was used at ap- 
proximately 1 ppm. The concentration could not be 


TABLE IX 


Puororysis or [AA IN THE PRESENCE OF A VARIETY 
OF SENSITIZERS 


ME, HRS 
Sensi- LIGHT, M a essai 


TIZERS FT-C 0 05 1 1.5 3 18 20 


IAA content as percentage of initial content 


RFN 100 100 528 283 105 ... 26 

0 100 100 99.1 982 ... 962 
FMN 100 100 618 403 264 ... 3.1 

0 100 100 0S 00 ... WA ... 
LFN 100 __ ae eee oe ee 

0 CO OC re on 
AFN 100 100 74 we SS 2.0 

0 100 101 101 101 --- 993 
Picric 100 ee ss SR (ces, EO 

acid 0 me ws Ce 


Flavin content, ugm/ml (initially 1.0) of the 
RFN and FMN solutions above 


RFN 100 +101 092 090 090 ... 0.15 
0 096 1.10 090 100 ... 098 

FMN 100 100 098 084 1.00 ... 0.06 
0 


is te ... te 0.90 
determined as this substance does not support the 
growth of Lactobacillus casei (27). 

Resutts: The results of these experiments are re- 
corded in table IX in which the content of IAA is 
given as a percentage of the initial content, and the 
flavin content in pgm/ml. 

These results show that LFN and FMN were al- 
most as active as was RFN in phytolysing IAA. Pie- 
ric acid was very much less effective, if at all, and 
AFN another yellow, fluorescent material with a 
structure akin to riboflavin, but unlikely to occur nat- 
urally, was also highly effective. Thus IAA appears 
to be inactivated in vitro by many substances (8). 

Although the major part of the IAA was decom- 
posed in 1.5 hrs, under the conditions used, the analy- 
ses show that the flavins were hardly destroyed in 
this time; after 18 hours, however, there was almost 
total decomposition. 

It may also be noted that for microbiological as- 
says FMN was just as suitable as a source of ribo- 
flavin as was this substance itself. As the response 
was not modified by the presence of IAA and the 
photodecomposition products, it would appear that L. 
casei differs in this respect from L. arabinosus (15). 

DISCUSSION 

In addition to the difficulties noted in the intro- 
duction of interpreting phototropic reactions in terms 
of known effects of light on extension growth further 
impediments to the acceptance of the “riboflavin 
theory of photoperception” emerged as this work pro- 
gressed. 

The theory as originally stated suggests that ribo- 
flavin inactivates auxin in the light and consequently 
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the presence of free riboflavin in the cell is essential 
for the reaction to occur. 

Galston and Baker (11) assayed Avena coleoptiles 
(the 1-mm tip and two succeeding 5-mm segments) 
and found a content of about 30 »gm/gm dry weight, 
which they regarded as free riboflavin. This cannot 
be so; it must be an estimate of total flavin, free and 
combined and this contention is supported by the find- 
ing that L. casei can utilize FMN. Bessey, Lowry and 
Love (4) have estimated the amounts of the individual 
nucleotides in rat retinae and they detected only 
FMN and FAD. Further, Goldacre (16) chromato- 
graphed pea dialysates which actively destroyed IAA 
in light and found that the spot where riboflavin 
should have occurred was “scarcely discernible.” He 
therefore concluded that “the bulk of the activity did 
not correspond with the riboflavin spot.” It may also 
be concluded that the riboflavin content must have 
been extremely low. The evidence, although scanty, 
points to the absence of free riboflavin 2 in cells, but 
the matter requires to be specifically demonstrated 
for plant material. 

As FMN is known to occur in vivo as an enzyme 
prosthetic group its in vitro behaviour towards IAA 
was investigated and after it was found to inactivate 
IAA in the light its mobility in oat plumules was 
tested. It behaved exactly as did riboflavin. FAD 
has not yet been tested in this connection. 

A difference between the in vitro and in vivo be- 
haviour of riboflavin may also be mentioned. When 
riboflavin is illuminated in vitro it is decomposed, but 
when plants are illuminated their “riboflavin” content 
increases (17, 18, 19). If in vivo flavins behaved to- 
wards IAA as they do in vitro, plants exposed to con- 
tinuous light could not grow. Again, in animal tissue 
(rat retinae) “flavin” is stable to intense and pro- 
longed illumination (3). 

Thus the reference of this in vitro reaction to the 
cell is not a direct and simple matter. 

As already stated the initial object of this work 
was to infiltrate coleoptiles with riboflavin, and then 
to test their phototropic sensitivity. The attainment 
of this apparently simple objective was frustrated by 
the finding that riboflavin when applied in solution 
via the transpiration stream to such coleoptiles (for 
a 2-hr period) failed to occasion a measurable effect 
on their growth. The possibility that the applied 
substance was not reaching the coleoptile was there- 
upon examined and confirmed. Attempts to obtain 
coleoptiles with high riboflavin contents by allowing 
the seedlings to absorb it through their roots were 
also unsuccessful. The data presented show that 
riboflavin accumulated in tissues which were in con- 
tact with the solutions, but that it travelled within 
the plant either slowly or not at all. This phenome- 
non was recorded by Charles (5) who suggested that 
positively charged molecules of anti-biotics, which 


2 Prof. Galston has drawn my attention to publica- 
tions by H. Kondo (Jour. Agr. Chem. Soc. Japan 30: 
393-397 and 690-696) in which the occurrence of free 
riboflavin in soya beans is reported. 


travelled slowly in the xylem, were held on the vessel 
walls by negative charges. As negatively charged 
molecules should then travel freely an attempt was 
made to infiltrate coleoptiles by using a riboflavin so- 
lution at pH 9.5. This too was unsuccessful. 

The absence of effects on growth in these experi- 
ments suggested that RFN might not penetrate the 
cell and further experiments using wheat coleoptiles, 
also showing no effects on growth, reinforced this 
opinion. 

It was thus impossible to reconcile these findings 
with Galston and Baker’s results which showed that 
RFN was stimulatory in darkness and inhibitory in 
the light, for penetration and subsequent action in a 
metabolic sequence affecting growth is implicit in 
the meaning of the words “stimulatory” and “inhibi- 
tory.” 

Their data (11, table 1, p. 774) which are repro- 
duced here were therefore re-examined. 











IAA RFN GrowtH Retra- GrowTH Ratariva 


IN TIVE IN 
1M/ML uGM/M GROWTH 
ae / i . DARK GROWTH 7 


0 090+0.07 53 
0 1.714027 100 
. 2.02 +032 118 
10 2352+030 137 
10.0 102+0.19 60 


LIGHT 





0.47 + 0.08 32 (100) 
1.45 + 0.16 100 (309) 
0.88 + 0.07 61 (187) 
062+ 0.06 43 (132) 
061+ 0.06 42 (130) 





The figures for relative growth in parentheses have 
been added to the table by the present author. 


Concerning the data for growth in darkness it 
will be seen that, with the standard errors quoted, the 
means under discussion 1.71, 2.02 and 2.35 do not dif- 
fer significantly (Prof. Galston informed me that 
there were 12 replicates in these experiments). The 
differences may thus be random variation and the 
data do not support the conclusion that riboflavin 
stimulates growth in darkness. 

Now, with regard to the light data it will be seen 
that Galston and Baker have selected the increment 
in the presence of IAA alone as their standard of ref- 
erence and on this basis the addition of 0.1 pgm RFN 
gives an “inhibition” of growth to 61%. It is never- 
theless evident that when the true controls are taken 
as 100 (the relative growth figs in parentheses) this 
medium promoted growth; there was a net increase 
of 87 %, and promotion occurred to a lesser degree 
in the other media containing IAA and riboflavin. 

Regarded in this way Galston and Baker’s data 
show neither a stimulation nor an inhibition and thus 
are not at variance with the conclusions already pre- 
sented. 

Thus, when tissue segments are immersed in a 
medium containing IAA and riboflavin the probable 
sequence of events is as follows. Both IAA and ribo- 
flavin penetrate the tissues but only IAA enters the 
cells and growth of the segments consequently begins. 
Riboflavin has no effect on this elongation. Upon il- 
lumination two effects take place, the one directly 
upon the tissues which results in a growth inhibition 








not related to the presence of the applied riboflavin; 
the second upon the solution in that the residual IAA 
is inactivated in the presence of the residual ribo- 
flavin, which, however, remains unaffected (table 
IX). Subsequently in darkness growth of the seg- 
ments proceeds due to the continued presence of the 
native auxin. These segments, however, grow less 
than similar ones in a medium containing IAA but no 
riboflavin because here the IAA remaining in the solu- 
tion at the end of the pretreatment period is not com- 
pletely inactivated during illumination (14) and it is 
thus available during the post-illumination period. 
This explanation accounts for the fact that the post- 
illumination increments in the control, RFN, and [AA 
+RFN solutions are not significantly different from 
each other, while those in IAA alone do differ signifi- 
cantly from the controls (table VIII). 

It will now be apparent that Galston & Baker have 
employed “inhibition” to mean the reduction of IAA 
induced growth by the in vitro inactivation of the ap- 
plied IAA. This is an unusual meaning. An inhibi- 
tion usually means an extension less than that shown 
by the controls due to a reaction in vivo between the 
inhibitor and a metabolite intimately concerned with 
a growth process. The absence from their paper of 
data on the behaviour of pea segments in a medium 
containing riboflavin alone prevented them from de- 
tecting an effect in this sense. But in the conclusion 
drawn from the pea segment experiment, already 
quoted in the introduction, “inhibition” conveys its 
usual meaning for entry and interaction with a growth 
hormone in vivo are clearly implied. This conclusion 
must therefore be considered unproven. 

Their paper thus presents further examples of in 
vitro reactions between IAA and RFN and the state- 
ment in the summary (and discussion) “By means of 
in vivo and in vitro experiments it has been estab- 
lished that riboflavin is a photoreceptor in the de- 
struction of auxin by visible light” cannot now be 
maintained. 

The demonstration of an interaction between ap- 
plied riboflavin and native hormone in vivo is an es- 
sential prerequisite for the establishment of a theory 
of photoperception and all attempts to display this 
effect have failed. Consequently Galston & Baker’s 
claim to have established the theory does not carry 
conviction. 

The hypothesis that native flavin and native auxin 
interact in the light in vivo as suggested by Galston 
(9) has not been excluded by this investigation, but 
no evidence to support it has yet been found in the 
literature. 


SUMMARY 


In order to test the “riboflavin theory of photoper- 
ception” proposed by Galston and co-workers fac- 
torial experiments were carried out with plumules of 
oat seedlings which were severed close to the seed. 
These plumules were then supplied with combina- 
tions of riboflavin and IAA in solution via the trans- 
piration stream. 








184 PLANT PHYSIOLOGY 






No effect of riboflavin on the growth of the colcop- 
tile was observed nor any interaction with either light 
or IAA. The flavin content of the plumules was esti- 
mated after treatment using the Lactobacillus casej 
assay method, and it was found that after a 2-hour 
pretreatment period in the riboflavin solution, the 
flavin content of the coleoptile was unchanged, 
whereas that of the immersed tissue was very high 
After a 24-hour pretreatment the applied riboflavin 
had reached the coleoptile. 

As the exposure to light was given after a 2-hour 
pretreatment in darkness the absence of response was 
accounted for. Illumination after a 24-hour pretreat- 
ment also showed neither an effect of riboflavin, nor an 
interaction with light. In this experiment riboflavin 
was known to be present in the coleoptile and the ab- 
sence of effect must have been due either to a failure 
of riboflavin to enter the cells or to the absence of a 
reaction with the naturally occurring auxin. 

Efforts to increase the riboflavin content of the 
coleoptiles of intact seedlings by growing them for 
long periods in culture media containing riboflavin 
also failed as assays showed no entry into the plumule 
but high concentrations in the roots. 

Further factorial experiments were therefore car- 
ried out using segments of wheat coleoptiles immersed 
in solutions containing combinations of IAA and RFN. 
The overall effect of IAA was to promote growth, 
and of light very strongly to depress it, while ribo- 
flavin had no effect at all. Neither 1st nor 2nd order 
interaction of these factors reached significance. 

Experiments on the photolysis of IAA in vitro 
showed that flavin mononucleotide, acriflavin and lu- 
miflavin decompose IAA in the light almost as effec- 
tively as does riboflavin. 

RFN and FMN and the flavin content of plant ex- 
tracts were assayed using Lactobacillus casei. The 
values obtained for the plant extracts must refer to 
total flavin content and not to the content of free 
riboflavin. 

In view of these results Galston and Baker’s data 
were re-examined and shown to offer no evidence for 
their suggestions that riboflavin in the presence of 
IAA occasions a promotion of growth in darkness, and 
an inhibition of growth in the light. The “inhibition” 
in light is shown to be a reduced growth promotion. 
Their claim to have established the theory is dis- 
cussed. 


The author gladly acknowledges the encourage- 
ment and guidance given by Professor F. G. Gregory, 
F.R.S. Thanks are also due to R. E. Weston (De- 
partment of the Government Chemist) for the cul- 
tures of Lactobacillus casei and for advice on micro- 
biological assays: to Dr. E. H. Lloyd (Department of 
Mathematics, Imperial College) for assistance with 
the analyses of covariance; to Dr. W. G. Kenner and 
Mr. C. B. Reese (Department of Chemistry, Cam- 
bridge) for the gift of a pure sample of FMN (vir- 
tually riboflavin-free) and to Miss M. K. Baker for 
technical assistance during the course of the work. 
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Prior to publication this paper was submitted for 


criticism to Professor A. W. Galston who pointed out 
two errors, one of fact and the other of interpreta- 


tion. 


These have been corrected and I thank him 


for his co-operation in this connection. 
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CONRAD S. YOCUM 3 anp 


Although a cyanide-resistant fraction of respiration 
is present in many plant and animal tissues, the mech- 
anism of terminal oxidation in such respiration has 
never been completely clarified. On the basis of their 
study of the rapid, cyanide-resistant respiration of the 
Aroid spadix, James and Beevers (8) proposed that 
flavoproteins serve as terminal oxidases in this tissue. 
Their conclusion was based in part on the finding that 
the measured respiratory rate was strongly dependent 
upon the partial pressure of oxygen. In addition, 
they found no spectroscopic or enzymatic evidence 
for the presence of a cytochrome system. 

The rapid respiration of the Aroid spadix has been 
reinvestigated here. A relative insensitivity to cya- 
nide (HCN) and carbon monoxide (CO) has been 
confirmed. With an adequate rate of oxygen supply, 
the tissue exhibits a very high affinity for oxygen. 
This observation led to a spectroscopic and enzymatic 
search for cytochrome components. The results re- 
ported here demonstrate the participation of cyto- 
chromes in the respiration of the Aroid spadix. A 
preliminary report of the results was given earlier (23). 


MATERIALS AND METHODS 


Flowers of Philodendron grandifolium and Peltan- 
dra virginica were’ obtained from the greenhouse at 
Smith College, Northampton, Massachusetts, and from 
local swamps, respectively. For measurements of res- 
piration, sections 0.25 to 1 mm thick were sliced from 
the male portion of the spadix. Oxygen exchange at 
atmospheric pressure was measured either by conven- 
tional manometry, with slices suspended in buffer, or 
by volumetry (21) for slices in a moist gas phase. 
Oxygen exchange at 7.8 atmospheres was also meas- 
ured volumetrically. A clear cellulose acetate com- 
pensating chamber encased an experimental and a 
blank volumeter of equal dimensions (21). HCN was 
supplied from Ca(CN).-Ca(OH), mixtures as de- 
scribed by Robbie (19). Gas mixtures were made up 
from commercial tanks of Og, No, and CO (scrubbed 
with alkali). 

To obtain the particulate preparation, male flow- 
ers were ground in a small volume of 0.05M_ phos- 
phate buffer, pH 7, which was also 0.3 M with respect 
to mannitol. The homogenate was transferred to a 
centrifuge tube and spun at 1,000xg for 5 minutes. 
The supernatant was then centrifuged at 10,000 xg 
for 15 minutes, and the residue suspended in 1 ml of 
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PARTICIPATION OF CYTOCHROMES IN THE RESPIRATION 
OF THE AROID SPADIX?? 
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the original grinding medium to give the final par- 
ticulate preparation. All of these operations were 
carried out at 0° C. Cytochrome ¢ oxidase activity 
was assayed in a Beckman DU spectrophotometer by 
following the decrease in optical density (OD) at 550 
mm. Cytochrome ec obtained from Sigma was re- 
duced with Na S.O,4 and the excess hydrosulfite re- 
moved by aeration. 

Difference spectra were computed from the light 
transmission through about 1 em (=1.5 Peltandra 
spadix diameters) of tissue in a moist gas phase. A 
DC single beam spectrophotometer was operated 
manually as follows: wavelength band-width 3.3 my, 
“noise” about 10-* OD units, drift 10-* OD units per 
minute, galvanometer period 15 seconds. The light 
source was a 6-volt 18-amp ribbon filament lamp fed 
from a storage battery, which was charged at the rate 
of discharge. The monochromator was a Bausch and 
Lomb 500-mm grating type with 600 grooves/mm. A 
photomultiplier tube (RCA 6217), operated at 700 
volts, received the transmitted light. The voltage 
drop across a 110-megohm load resistor was converted 
to galvanometer deflections through a cathode follower 
bridge (6). Light minus dark deflections were first 
recorded at a series of wavelengths for the tissue in 
Noy. After flushing with Os, the series was repeated 
in the same sequence. A similar sequence of meas- 
urements was then made on the same tissue in the 
presence of HCN. 


RESULTS 


Respiratory Strupies: Table I shows that 10-* M 
and 10-*M HCN stimulate the respiration of Philo- 
dendron slices maintained in a moist gas phase. Simi- 
lar experiments show (table II) that this tissue also 
respires more rapidly in a gas mixture of 95: 5 CO: O. 
than in 95:5 No: Os. From the data of table II it is 
evident that the respiratory rate in 5% Os nearly 
equals that in air (21 % O.). This is in marked con- 
trast to the observation on Arum maculatum (8), 


4 


where approximately 75 % inhibition of the observed 


TABLE I 


CYANIDE PROMOTION AND INHIBITION OF PHILODENDRON 
Spaprx RESPIRATION IN VOLUMETRIC 
RESPIROMETERS 








RESPIRATORY MEASUREMENTS 
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TABLE II 


Carson Monoxine (CO) Promotion or PHILODENDRON 
Spapix REsPIrRATION IN VOLUMETRIC 











RESPIROMETERS 
AY Ne ° O. Co ps Oz 
— 95:5 95:5 
ul O2 x gm fresh wt x hr at 26° C 
1280 1060 1490 
1710 1380 1730 
1970 1540 2040 





rate resulted from reduction of the oxygen partial 
pressure from 21 to 5%. 

Since both the plant material and the methods 
differed in the two cases, the dependence of the re- 
spiratory rate of Philodendron slices on oxygen pres- 
sure (pO.) was determined by the two methods and 
the results compared. Slices respiring in a liquid 
phase in a Warburg vessel, under conditions approxi- 
mating those of James and Beevers, show a marked 
dependence upon pOs, as shown in figure 1 (curve B) ; 
0.15 atm Og supports half the maximal rate. On the 
other hand, if no external liquid is in contact with 
the slices the rate of respiration depends upon the pO. 
only at very low pressures (fig 1, curve A). Under 
these conditions, the pO.5° (O, partial pressure re- 
quired for half the maximal respiratory rate) is 0.002 
atm Os. Thus, the removal of the external liquid (es- 
sentially water in this case) from the respiring spadix 
tissue decreases the oxygen pressure required for half 
saturation about 100 fold. 
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xhr at 25° C of Philodendron grandifolium spadix slices 
as a function of the oxygen partial pressure, pOv. The 
data of curve B were determined manometrically in 
15-m! vessels shaken at 120 oscillations (4 em) per min- 
ute; 0.4 gm of tissue was suspended in 3.0 ml of 0.06 M 
phosphate buffer, pH 7. The data of curve A were de- 
termined volumetrically in 4-ml vessels containing 0.2 
gm tissue in contact with no external liquid phase. All 
data were from the same spadix. 
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Fic. 2. Cytochrome ec oxidase activity of a particu- 
late preparation from Peltandra spadix. Final concen- 
trations in cuvette: mannitol, 0.1.M, phosphate buffer, 
0.05 M, pH 7, cytochrome c, 2x10°M. The reaction 
was initiated by introducing 0.25 ml of the particulate 
suspension prepared from 0.050 gm of spadix. The total 
volume was 3.25 ml and the temperature 25° C. 


Experiments of the type illustrated in figure 1, 
curve A, were also carried out to test the effect of CO 
on the oxygen affinity. The results, shown in table 
III, demonstrate that the affinity is still high; eg., 
pO,*° is attained at 0.004 atm by Philodendron at 
25° C. This value may be compared to the pO,5° of 
0.002 atm measured in the absence of CO (fig 1). 

CyTocHROME c OxIDAsE: Peltandra spadix par- 
ticles (10,000 x g x 15 min fraction) contain an active 
cytochrome ¢ oxidase as shown in figure 2. First or- 
der kinetics are followed approximately; a velocity 
constant, k, of 0.36 to 0.38 x min was estimated for 
this preparation. The initial rate of cytochrome oxi- 
dation (k x initial concentration of 2x 10M) corre- 
sponds to an Og uptake of 2.42 wlx hr? xml. This 
times the dilution (0.015-) gives 161 yl x hr x grams 
for the computed respiratory rate of the spadix which 
can proceed via recovered particulate cytochrome c 
oxidase. Assuming that approximately 10% of the 
activity of this enzyme is recovered during prepara- 
tion, the computed rate of the spadix respiration be- 


TABLE III 


THE PartTIAL Pressure oF O2 ReEQuIRED FoR Hatr MAxI- 
MAL Respiratory Rate PO.) or Aromw SpapIx Tissues 
RESPIRING IN CARBON Monoxine (CO) 








PCO,* aTM 





Temp, °C 





PLANT pO.”, ATM 
Philodendron 25 0.996 0.004 
Peltandra 15 78 0.012 
Peltandra 0 0.998 0.002 


* pCO = partial pressure of CO. 
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comes 1600 yl x hr! x grams-!. The measured spadix 
respiratory rate is of this order of magnitude. 

Also shown in figure 2. are experiments with inhibi- 
tors. 1x10-°M HCN suppressed the rate of cyto- 
chrome ¢ oxidation by more than one half. A gas 
mixture of 0.90 atm CO and 0.10 atm O, decreased 
the rate constant to 23 % of that in 0.90 atm Nz and 
0.10 atm Og. 

SPECTROPHOTOMETRY: A tissue difference spectrum, 
i.e., optical density in the reduced state minus that in 
the steady state oxidized, is shown in figure 3, curve A. 
Absorption maxima occur at approximately 605 and 
550 my, which correspond to the a-bands of reduced 
cytochromes a+ ag and ¢, respectively. The 550 mp 
maximum is larger by a factor of about 2 and shows 
asymmetry on the long wavelength side, probably due 
to absorption by the a-band of a cytochrome b. These 
results, which show the reduction of these components 
in Ny and their oxidation (at least partial) in Os, 
strongly suggest the participation of cytochromes in 
the respiration of this tissue. 

The difference spectrum was also determined in a 
concentration of HCN which does not inhibit respira- 
tion (see table I) yet inhibits isolated cytochrome 
oxidase by about 95 %. As shown in figure 3, curve 
B, the absorption maxima at 550 and 605 my are de- 
creased by about one half and another maximum at 
560 mp (here assumed to be cytochrome b) is evi- 
dent. There is a suggestion of another absorption 
band at 585 to 590 my. It is evident that respiration 
in the presence of cyanide is mediated, at least in 
part, by cytochrome components. However, the rela- 
tive contributions of the individual cytochromes, as 
revealed by the difference spectra, are markedly al- 
tered by cyanide. 
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Fic. 3. Difference spectra (reduced minus steady 
state oxidized) for the spadix of Peltandra virginica. 
Each point for the oxidized state was obtained about 
5 min after the corresponding one for the reduced state. 
HCN (2x10*M) was furnished by KCN-KOH buffers 
(19) in the gas train and on filter paper in the light ab- 
sorption cell. 
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TABLE IV 


Opticat DeNnsITIES, CONCENTRATIONS AND TURNOVER 
NUMBERS OF CYTOCHROMES IN A RESPIRING 
PELTANDRA SPADIX 














: CYTOCHROMES 
Se. 6. aC Or 
MEASUREMENTS HCN. M . 
c a+ ag 
OD (em) 0 0.031 0.020 0.012 
Cone (uM) 0 eg 1.1 0.7 
TN (sec) 0 30 46 73 
0.012 0.020 (0.007 


OD (cm) 2x 10% 





The optical density (OD) data were obtained from 
the difference spectra of figure 2 by subtracting the OD 
at a neutral reference wavelength from that at the ab- 
sorption maximum: cytochrome c (550 to 540 my), b (560 
to 580 mu) and a+as (605 to 615 mu). An extinction 
coefficient of 18 x mM x cm™ was used for each compo- 
nent (2). For the turnover (TN) estimation, a respira- 
tory rate of 1000 ul O. x gm fresh wt™ x hr~ was assumed. 


Of the 6 or so difference spectra obtained by this 
method, 4 showed the 605 my peak below the base 
line. The pair of curves shown on figure 3 were the 
only two that were obtained on the same spadix and 
that included the cytochrome a region. The coinci- 
dence of the two curves (no corrections were applied 
to either curve) is evidence at least of their repro- 
ducibility within a single spadix. Also when several 
of the wavelength points were remeasured at the end 
of a run, they could be reproduced within 10° OD 
units: that is the spectrophotometer did not drift ex- 
cessively. 

The concentrations of participating cytochromes, 
estimated by Chance’s method (2) from the differ- 
ence spectra of figure 3, are shown in table IV. In 
contrast to the cytochrome a+ ag and ec values, which 
are decreased by HCN, the cytochrome b value showed 
no detectable change. That the steady state oxidized 
level of cytochrome b is not diminished by HCN 
points to its functioning in respiration both in the 
presence and absence of the inhibitor. 


DISCUSSION 


The studies reported here show that measured re- 
spiratory rates at low oxygen pressures are strongly 
dependent upon the method of oxygen supply to the 
Aroid spadix. When furnished from a moist gas phase, 
a high Os affinity is observed. If, however, a water 
layer separates this rapidly respiring tissue from the 
gas phase, the apparent affinity is lower by a factor 
of about 100. We attribute such differences to the 
fact that the diffusion coefficient of oxygen in water 
is 3x 10° times its value in air at 20°C (9). From 
this, it follows that diffusion through the liquid sus- 
pending medium also limited the rapid rate of O. ex- 
change in the earlier experiments with Arum macu- 
latum (8). That this is indeed so has now been con- 
firmed by Simon’s (personal communication) demon- 
stration of a high oxygen affinity for Arum macula- 
tum slices respiring in a moist gas phase. 
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Several types of evidence for the participation of 
eytochromes in the respiration of the spadix have been 
provided here. First, a comparison of the oxygen 
affinity (1/0,5°) of the intact tissue with the values 
for a variety of isolated oxidases (table V) reveals 
that it exceeds the affinity of all except cytochrome 
oxidase. This fact alone argues strongly against the 
functioning of copper- or flavin-containing oxidases in 
respiration. The oxygen affinity for the spadix (3 x 
10°) equals that of freshly cut potato tuber slices, in 
which at least 70 % of the respiration is mediated by 
eytochrome oxidase (21). On the other hand, the 
values for yeast (1x 106) and Aerobacter (3 x 107), 
both of which utilize a cytochrome system, are higher. 
We attribute this difference to longer oxygen diffusion 
paths within the tissues than within the microorgan- 
isms. 

The second type of evidence is the demonstration 
of cytochrome ec oxidase in extracts of Philodendron 
and Peltandra. Both with respect to its inhibitor 
sensitivity (fig 2) and its intracellular localization (on 
particles), the spadix enzyme is similar to the cyto- 
chrome oxidase isolated from other cells. This activity 
is generally ascribed to cytochromes a + ag, suggesting 
that these components are present. The enzyme is 
probably present in all spadices, since it has also been 
demonstrated in Symplocarpus foetidus (1,7). How- 
ever, this evidence alone does not prove the partici- 
pation of cytochrome oxidase in the respiration of 
intact tissues. 

Further evidence has been supplied by spectro- 
photometric observations on intact tissues. The dif- 
ference spectrum (fig 3) shows that cytochromes b 
and c, as well as cytochrome oxidase, are involved in 
the reaction with molecular oxygen. The concentra- 


TABLE V 


Oxycen AFFINITIES (1/Km or 1/[02]) * ror Respira- 
TION AND OXIDASES 











Temp, sw 1/10.]* E 
°C [Oe] on 1/Km Rer 
Respiration 
1. Aerobacter 19 3.1x10° 32x10’ (12) 
2. Yeast 20 1x 10° 1x10 (22) 
3. Potato (tuber slices) 25 3x10° 3x10? (21) 
4. Aroid spadix 25 3x10° 3x10 (fig 1) 
Oxidases 
1. Cytochrome c 2 234x10° 4x10" (12) 
2. Ascorbic acid 30 3x 107 3x10? (15) 
3. Ascorbic acid 25 15x10" 6x10® (21) 
4. Phenol 25 3x 10° 3x10* (10) 
5. Amino acid 38 5x 10° 2x10 (11) 
6. Xanthine 38 7x10° 14x10 (11) 
7. Glucose (notatin) 38 1x 10% 1x10* (11) 





[O.]® is the oxygen concentration, in moles per liter, 

required for half the maximum rate of oxygen uptake. 
pO” x « Oz 

[0.]” = 





22.4 liter atm/mole 
where: pO.” is the partial pressure, in atmospheres, of 
oxygen required for half the maximum rate of oxygen 
uptake. o Os is the oxygen solubility coefficient. 





tions of the cytochromes functioning in respiration, as 
computed from the optical density differences (fig 2) 
and the extinction coefficients are included in table 
IV. Both the absolute (~10-°M) and relative 
amounts are similar to those reported for other aero- 
bie cells (2, 13). From these data and the spadix re- 
spiratory rate, turnover numbers were estimated for 
the cytochromes a+ a3, b, and c. The turnover num- 
bers are within the range of published values of 10 to 
100/ see for yeast, muscle and roots (2, 13). Thus a 
respiratory chain of the b>c—>a+ag type can ac- 
count for the spadix respiration. In spite of this evi- 
dence that the Aroid spadix contains and uses a com- 
plete cytochrome system, the tissue respiration shows 
a remarkable insensitivity to cytochrome oxidase in- 
hibitors, and this observation remains to be explained. 

Several possible causes of this insensitivity to in- 
hibitors are considered: 1) The oxidation of CO to 
COs, with a consequent uptake of oxygen, could mask 
a respiratory inhibition. This possibility has been 
eliminated for CO-insensitive potato slices (21) and 
mature leaves (4) and it is not suggested for the 
Aroid spadix, since the volume of gas consumed never 
exceeded the initial volume of oxygen. 2) The oxy- 
gen-activating system might be protected in some 
manner from the inhibitors. Evidence that CO and 
cyanide do in fact combine with some respiratory 
component is provided by the observed stimulation of 
respiration (tables I, II) and by the alteration in the 
difference spectrum induced by cyanide (fig 3). 3) 
The presence of a large excess of cytochrome oxidase 
relative to the rate limiting step in respiration could 
account for the tissue’s insensitivity to HCN and CO. 
This hypothesis has been advanced recently to ac- 
count for the case of mature leaves (5). The quan- 
tity that would be required for the Aroid spadix re- 
spiring in CO may be computed by assuming that (a) 
all electrons are transferred to cytochrome ec oxidase 
(cytochrome ag) and (b) the following modification 
of Warburg’s partition equation describes the CO in- 
hibition of respiration: 


n (CO) | 


(ag) -n 





where 


n= residual quantity of the oxidase, relative 
to an amount 1 required for the respira- 
tory rate in air. 

(ag) = total quantity of the oxidase, relative to 
an amount 1 required for the respiratory 
rate in air. 

(CO) = CO partial pressure. 

(O.) = Op» partial pressure. 

K = relative affinity constant of the oxidase 
for O. and CO. 


K was computed from 77 % inhibition of Peltan- 
dra cytochrome ce oxidase preparation by a 9/1 ratio 
of CO/Oz (fig 2) and found to be 2.7. This is in close 
agreement with Winzler’s value of 2.5 from yeast res- 
piration experiments (22). 








From the CO/Og, ratio (table III) required to in- 
hibit the respiratory rate by 50 %, ie., when n=0.5, 
(ag) was found to lie between 47 and 129 (~ 100). 
The oxidase turnover number resulting from ~ 100 
fold excess over the rate limiting step would be 
~ 100-1 that in cells where there is evidence for no 


large excess (yeast, e.g., 22): However, the meas- 
ured spadix oxidase turnover number of 73 (sec~) is 
in close agreement with that of yeast (2). This sug- 
gests an activity not large enough, in relation to the 
rate limiting step, to support the excess hypothesis. 
4) Another possibility is that this tissue possesses an 
alternate, cyanide-resistant pathway of electron trans- 
fer to oxygen. Such a proposal was first made by 
Okunuki (17) for pollen, as early as 1939. Positive 
evidence that this is the case in the Aroid spadix can 
be obtained from the spectrophotometric observations 
(fig 3). The rate of oxidation of cytochrome b, in 
contrast to c and a + 4g, is not suppressed by 2 x 10+ M 
HCN. This finding is consistent with the following 
scheme of electron transport pathways: 


HCN 
co 


c——-a+0,-—+#—- 0, 


. 


Substrate——-b 





x 02 


We have assumed a single cytochrome b and a series 
transfer of electrons among the components wherever 
possible. In the presence of inhibitor, some of the 
electrons proceed via an alternate pathway, which in- 
cludes cytochrome b and possibly another oxidase, 
designated here as x. The remainder of the electrons 
are transferred to oxygen via the partially inhibited 
¢ > a+a3—O, system. The rates of transfer through 
the two systems will depend on the amount of enzyme 
not combined with inhibitor and the rate of reduction 
of the oxidases. The possibility that an inhibitor al- 
ters the system which it is being used to study sug- 
gests a situation of experimental “indeterminacy.” 
Although the nature of component x in the above 
sequence is not known, some of the properties can be 
deduced. This component, which has little or no affin- 
ity for HCN and CO, shows a high affinity for oxygen 
(1/[O.]®® in CO = 1.5 x 105 M) and is able to mediate 
a relatively rapid rate of oxidation. The simplest 
possibility would be that cytochrome b is oxidized di- 
rectly by oxygen; the cytochromes of the b group are, 
in fact, autoxidizable substances which do not com- 
bine with cyanide or CO. The spectrophotometric 
method employed here does not exclude the possibility 
of other functional cytochromes of the b class. How- 
ever, low temperature (-196° C) spectroscopy has re- 
solved only one component with a band absorbing in 
the wavelength region of cytochromes b (1). In a 
study carried out independently from the present 
work, Lundegardh (13) demonstrated spectrophoto- 
metrically that the cytochrome b of roots remains par- 
tially oxidized in aerated cyanide, and he has sug- 
gested that “the autoxidation of cytochrome b could 
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possibly act as a substitute for cytochrome oxidase jn 
the living cell.” Nevertheless, the rapidity of the oxi- 
dation, turnover number = 45/sec, suggests that an ad- 
ditional component, above the potential of cytochrome 
b, functions as an oxidase in this system. By analogy 
with the classical system, one might expect that a 
member of the cytochrome a family, with a low affin- 
ity for CO and HCN, might serve as the terminal oxi- 
dase. The presence of an absorption band of 590 Mp 
in the difference spectrum in cyanide suggests the pos- 
sible functioning of an a-type cytochrome. A band at 
approximately the same wavelength is also observed 
at — 196° C in reduced Symplocarpus particles in the 
absence of HCN (1). 

The cytochromes b; and bg have been proposed as 
members of cyanide-resistant respiratory pathways in 
animal (18) and plant (16) cells respectively. But 
these hypotheses are not supported by the following 
evidence. The turnover number for cytochrome b; 
of 0.13/sec. (3) and an estimate computed from the 
data of Martin and Morton (16) of 0.05 for cyto- 
chrome bg are insufficient, being = 300-1 times the 
45/sec computed here for cytochrome b of the Aroid 
spadix. In addition, cytochromes bg and bs; are local- 
ized on microsomes, particles of too low oxidase ac- 
tivity to account for the respiration of the tissue from 
which they were isolated (7, 20). 

It is of considerable interest to know whether elec- 
tron transfer through an alternate pathway is coupled 
to oxidative phosphorylation. The increase in res- 
piration caused by CO and cyanide could be the re- 
sult of an “uncoupling” of phosphorylation from the 
normal respiration, and the activation of a non-phos- 
phorylating electron transport system; oxidation via 
the latter pathway would not be limited by the sup- 
ply of phosphate acceptors. 

A cyanide and/or CO-insensitive respiration has 
been demonstrated with a wide variety of plants, ani- 
mals, and microorganisms. In many, although not all, 
of these cases it has also been shown that the cells con- 
tain cytochrome components, including cytochrome 
oxidase. On the basis of our own experiments, it is 
suggested that the “normal” respiration of such cells 
may be mediated by a classical-type cytochrome sys- 
tem and that an alternate pathway may be activated 
in the presence of oxidase inhibitors, such as HCN 
and CO. 


SUMMARY 


The following evidence is presented for the par- 
ticipation of cytochromes in the respiration of the 
Aroid spadix: 

(a) The spadix respires with a high affinity for 
oxygen, provided the rate of oxygen supply is 
adequate. 

(b) A particle-bound cytochrome oxidase with 
high affinity for cyanide and carbon monoxide 
can be demonstrated. 

(c) Different spectra of the intact spadix show ab- 
sorption maxima at wavelengths correspond- 
ing to the a-bands of cytochromes a+ az, D 
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and c. The molar concentration of each is of 
the order of 10°. 

(d) Turnover numbers of 10 to 10?/sec, estimated 
from cytochrome concentration and respira- 
tory rate, fall within the published values for 
cytochromes from yeast, muscle, and roots. 

The cyanide and carbon monoxide-resistant res- 

piration of the Aroid spadix can be accounted for by 
the oxidation of a cytochrome b, either directly by 
oxygen or via an oxidase without appreciable affinity 
for these inhibitors. 


Since the completion of this work, the paper of 
D. S. Bendall and R. Hill, on “Cytochrome compo- 
nents in the spadix of Arum maculatum” (New Phy- 
tologist 55: 206-212. 1956) has come to our atten- 
tion. In addition to cytochromes a, b, and c, the par- 
ticulate fraction was shown to contain a component 
cytochrome b;, which is rapidly oxidized even in 
10° M cyanide. 

We are indebted to Dr. K. V. Thimann for en- 
couragement throughout the course of this work, and 
to Dr. W. D. Bonner, Jr., for the use of a spectro- 
photometer and a refrigerated centrifuge. 
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GROWTH STIMULATION OF AVENA COLEOPTILES!2:3 


DONALD H. SLOCUM 4 ann JOHN E. LITTLE 


DEPARTMENT OF AGRICULTURAL BIOCHEMISTRY, UNIVERSITY OF VERMONT, 
BurLINGTON, VERMONT 


In 1941 Commoner and Thimann (1) reported the 
promotion of growth of oat coleoptiles by iodoacetate 
in the presence of sucrose and indoleacetic acid 5 and 
commented that “such promotion by low concentra- 
tions of an inhibitor is a very common phenomenon.” 
The reproducibility of this effect under closely con- 
trolled conditions was established (2), and later Thi- 
mann and Bonner (3) noted that 1-amino-2-naphthol- 
4-sulfonie acid, an inhibitor of pyruvic carboxylase, 
also stimulated coleoptile elongation and suggested 
that this stimulation was due to conservation of pyru- 
vate for more constructive processes. 

It is the purpose of this communication to reexam- 
ine and extend this work in the light of new informa- 
tion about the cofactors involved with the oxidative 
decarboxylation of pyruvate and of a-ketoglutarate. 

Additional impetus to this approach was obtained 
from the work of Barron and Singer (4), who, in 
studying the relative sensitivity of nine different sulf- 
hydryl-containing enzymes to various inhibitors, found 
that “of all the enzyme systems studied, pyruvate oxi- 
dase and the enzyme for pyruvate condensation were 
the most sensitive to the action of inhibitors.” 

The conservation of pyruvate has also been found 
by Calvin (5) to be essential for the maintenance of 
photosynthetic growth of algae. It appears that light 
not only supplies the energy necessary for photosyn- 
thesis but also minimizes the flow of growth-essential 
carbon structures into the Krebs cycle. Calvin attrib- 
utes this to an inhibition of pyruvate oxidation 
brought about by a light-activated reduction of lipoic 
acid, an essential coenzyme for this oxidation. It is of 
interest that the reduced form of this coenzyme is a 
dimercaptan and thus susceptible to reagents reacting 
with sulfhydryls. 


MATERIALS AND METHODS 


Deglumed oats (Ajax) were grown in the usual 
manner for 64 hours on moist filter paper in a dark 
humid room at 25°C. Seeds were not soaked before 
planting nor exposed to red light. From each seedling 
one 6-mm coleoptile section was obtained by. excision 


1 Received October 16, 1956. 

2 This work has been supported by the Atomic En- 
ergy Commission Contract No. AT(30-1)-1768-(C) and 
Charles Pfizer and Company. 

3 Vermont Agricultural Experiment Station Journal 
Series Paper Number 65. 

4 Present address: Department of Agricultural Bio- 
chemistry, The Ohio State University, Columbus 10, 
Ohio. 

5 The following abbreviations are used in sections of 
this paper: IAA, indoleacetic acid; MTA, 8-methyl thi- 
octie acid; Co A, coenzyme A; BAL, British anti-lewisite, 
2,3-dimercaptopropanol-1; CMBA, p-chloromercuriben- 
zoic acid; ATP, adenosine triphosphate; GSH, glutathi- 
one; GSSG, oxidized glutathione. 
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with a double-bladed cutting tool 2 mm from the «pi- 
cal end. The sections were pooled and ten randomly 
selected sections transferred to each Petri dish con- 
taining 25 ml of a test solution. The test solutions 
consisted of basal medium and specific additives of 
known concentrations. 

After a 24-hour incubation in the dark, the sections 
were measured on a Quebec Colony Counter equipped 
with a millimeter scale. Controls were run daily. 

The basal medium contained 1 % sucrose, 2 x 10°? M 
KCl 5x 10+ M MnS0O, and 0.01 M phosphate buffer 
at pH 5.0. Indoleacetic acid at a concentration of 
5.7x 10M (1 ppm) was used except in designated 
cases. 

All results were based upon elongation measure- 
ments in at least two trials, unless otherwise indicated, 
each trial involving a minimum of 40 coleoptile sec- 
tions. Statistical analysis of the data demonstrated 
that a growth stimulation (increase in mean length) 
of 8 % or better had a significance level of 1% when 
40 sections were used, while a 4 % increase was signifi- 
cant at the 5% level. Growth effects of 3 % or less 
were considered to be without significance. 


RESULTS 


Growth response to auxin alone was first deter- 
mined, and a typical curve was obtained. Although 
the elongation was greatest at 5.0x 10° M _ auxin, 
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5.7 ~10-°° M was used in our experiments to conform 
with the earlier work of others. 

STIMULATION BY IoDOACETATE: The stimulatory ef- 
fect of iodoacetate was now studied, and the resulting 
curve (fig 1) was very similar to those obtained by 
Thimann (2). The stimulatory range appeared some- 
what larger, and the percentage stimulation was con- 
siderably less. We believe this latter difference to be 
due to our employment of 6-mm coleoptile sections. 
A concentration of 1x 10-*M was found to produce 
the greatest acceleration of growth, and this concen- 
tration was employed in producing the stimulation in 
subsequent experiments. 

The absolute increase in the control varied from 
day to day, but the percentage stimulation of the 
iodoacetate-treated sections was readily reproducible 
(table I). 

Errect oF Appep Lipoic Acip: Since it appeared 
possible that iodoacetic acid was reacting with one or 
more sulfhydryl groups of the pyruvate oxidase sys- 
tem, an attempt was made to reverse the stimulation 
with lipoie acid. A concentration of 4.9x10°M 
lipoic acid of this compound which by itself exhibited 
no significant effect upon coleoptile growth completely 
reversed the stimulation due to iodoacetate (table IT). 

This data seemed to indicate that iodoacetate was 
enhancing growth by reacting with lipoic acid and 
thereby inhibiting the oxidative decarboxylation of 
either pyruvate or a-ketoglutarate. The possibility re- 
mained, however, that the added lipoic acid was sim- 
ply decreasing the quantity of effective iodoacetate by 
reacting with it outside of the cell. Such a reaction 
is not very likely, since the lipoic acid was added in 


TABLE [| 


STIMULATION OF COLEOPTILE SECTIONS By IopoAcETIC AcID 











. MEAN 
XPT i : INCREASE % 
NO. TREATMENT IN GROWTH, INCREASE 
MM/SECTION * 
I Control 13.8 10 
Todoacetic acid, 1 x 10° M 15.2 + 
II Control 12.7 15 
Iodoacetic acid, 1 x 10° M 14.7 = 
III Control 12.0 16 
Iodoacetie acid, 1 x 10°M 13.9 + 
IV Control 12.0 15 
Iodoacetic acid, 1 x 10° M 13.8 + 
V_ Control 11.0 +16 
Todoacetic acid, 1 x 10° M 128 
VI Control 123 14 
Iodoacetic acid, 1 x 10° M 14.0 = 
VII Control 12.9 +15 


Iodoacetie acid, 1x 10° M 148 





Measurements were made after a 24-hr incubation 
period at 25° C in basal medium containing 1 % sucrose, 
5.7x 10° M IAA, 2x10*°M KCl, 5x10*M MnSO, and 
0.01 M phosphate buffer, pH 5.0. 

* Mean increase for each trial was obtained from 40 
sections. 





TABLE II 


Tue Errect or CertaAIN THI0L, DirHior AND DISULFIDE 
CoMPouUNDS ON Iopoacetic Acip STIMULATION 








% DEVIATION 





EFFECTIVE 
ADDITIVES FROM 

CONTROL ee 
Iodoacetic acid, 1x 10° M +15 Stimulation 
Lipoic acid, 4.9x 10° M - 2 None 
Iodoacetic acid +lipoic acid + 1 Reversal 
Co A, 13x10°M - 1 None 
Todoacetic acid+Co A +16 No reversal 
Cystine, 1x 10° M + 2 None 
Todoacetic acid + cystine +13 No reversal 
Cysteine, 1 x 10° M + 4 Small stimulation 
Iodoacetic acid + cysteine +15 No reversal 
GSH, 5x 10°M + 7 Stimulation 
Iodoacetic acid + GSH +22 Additive effects 
GSSG, 5x 10°M + 6 Stimulation 
Todoacetic acid + GSSG +24 Additive effects 
BAL, 1x 10°M - 3 Slight inhibition 
Todoacetic acid + BAL +13 No reversal 


Thioglycollic acid,l1x10*M + 3 Slight stimulation 


Iodoacetic acid + thiogly- 


collie acid +12 Slight reversal 
MTA, 44x 10°M - 3 Slight inhibition 
Slight reversal 





Todoacetic acid + MTA +11 


Measurements made as in table I. 


the oxidized or di-i:lfide form. However, the added 
lipoic acid might liave been reduced by the cell prior 
to such a combination with iodoacetate, and therefore 
an attempt was made to cancel the stimulation with 
several other sulfur-containing compounds. These re- 
sults are also summarized in table II. Coenzyme A, 
cystine, cysteine, GSH, GSSG, BAL, thioglycollate and 
MTA were all ineffective in bringing about a reversal. 
The failure of this last compound, MTA, to effect a re- 
versal of the stimulation is of particular interest be- 
cause of its close structural relationship to lipoiec acid. 
Presumably, since it does not replace lipoate as a co- 
enzyme, it is not reduced by the cell and hence does 
not combine with iodoacetate. The additive stimula- 
tion of GSH or GSSG and iodoacetate is interesting. 
When such a double stimulation was obtained the 
growth contribution of the iodoacetic acid was ap- 
proximately cancelled by the addition of lipoie acid 
while that due to GSH or GSSG was not (table IIT). 
We have been unable to explain this behavior. 
STIMULATION BY OTHER INHIBITORS: We have 
found that lipoie acid will also reverse the stimulation 
brought about by low concentrations of other inhibi- 
tors. In 1949 Thimann and Bonner (6) reported 
stimulation of Avena coleoptiles by parachloromer- 
curibenzoic acid (CMBA). This compound has a 
highly specific affinity for sulfhydryl groups (7). In 
our experiments a maximum stimulation of 12 % was 
obtained with this compound at a concentration of 
1x10°*M and a complete reversal was affected by 
4.9x10%M lipoic acid (fig 2}. On the other hand. 





TABLE III 


Errect or Lipoic AciIpD ON THE CUMULATIVE ACTION OF 














ADDITIVE Yo DEVIATION FROM CONTROL 
Iodoacetic acid, 1x 10° M +15 
GSH, 5x 10°M + 6 
Iodoacetic acid + GSH +23 
Lipoic acid, 4.9x 10° M - 1 
Iodoacetic acid + GSH + lipoic acid +9 





Measurements made as in table I. 


thioglycollic acid, GSH and BAL were all without ef- 
fect upon the stimulation. 

Arsenite, a specific reactant for dithio linkages (8), 
has also been used to bring about enhanced growth of 
Avena coleoptiles (6). It is often used to inhibit oxi- 
dative decarboxylation and causes an increase in the 
concentration of pyruvate in metabolizing organisms. 
We obtained a 9% growth increase when arsenite 
was used at a concentration of 5x10°M (fig 3). 
The range of stimulation was short but reproducible. 
Complete reversal of such growth enhancement was 
brought about by 4.9 x 10-* M lipoic acid (table IV). 
Again, BAL (a dithiol), cysteine, and thioglycollic acid 
were ineffective. 

Errect OF INDOLEACETIC ACID ON J[ODOACETATE 
STIMULATION: Perhaps the most intriguing finding of 
the present investigation was the discovery that no 
stimulation by iodoacetate could be obtained in the 
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Fic. 2. Effect of CMBA on Avena coleoptile sec- 
tions and the results of addition of certain sulfur-con- 
taining compounds. 

. No additions, control. 
CMBA. 

. CMBA + lipoie acid. 

. CMBA + thioglycollic acid. 
. CMBA+GSH. 

CMBA + BAL. 
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Fic. 3. Effect of low concentrations of arsenite on 


the elongation of coleoptile sections. 


presence of the optimal concentration of indoleacetic 
acid. When 5.0x 10° M growth hormone were used 
instead of the customary 5.7 x 10-° M, not only was 
the stimulation eliminated but all concentrations of 
iodoacetate were now inhibitory (fig 4). The same 
concentration of iodoacetate (1 x 10-° M) which in the 
presence of 5.7x10-®M _ indoleacetic acid produced 
maximum stimulation was now inhibitory to the same 
extent. The interesting trend toward a lessening of 
the inhibition at high concentrations was readily re- 
producible. 

Another rather unexpected finding was the obser- 
vation that 4.9x 10° M lipoic acid which had pre- 
viously reversed iodoacetate stimulation was now 
equally effective in reversing the inhibition (table V). 


TABLE IV 
Errect OF CERTAIN SULFUR CONTAINING COMPOUNDS ON 








% DEVIATION 








EFFECTIVE 
ADDITIVES FROM 4 
CONTROL a 

Arsenite, 5x 10° M + 9 Stimulation 
Lipoic acid, 4.9x 10° M - 2 None 
Arsenite + lipoic acid - 1 Reversal 
BAL, 1x 10°M - 3 None 
Arsenite + BAL + 7 No reversal 
Cysteine, 1x 10*°M + 4 Small stimulation 
Arsenite + cysteine +11 No reversal 
Thioglycollic acid, 1x10*M +3 #£None 
Arsenite + thioglycollic acid + 9 No reversal 





Measurements made as in table I. 
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TABLE V 


RevERSAL OF Iopoacetic AciID INHIBITION OF 
CoLeoPTILE SECTIONS 


SLOCUM AND LITTLE—GROWTH STIMULATION 











JODOACETIC ACID Lirolc Acip % DEVIATION 





x10°M x10°M FROM CONTROL 
0.01 ape - 4 
0.01 49 - l 
0.05 Jane -10 
0.05 49 - 2 
0.1 a -13 
0.1 49 = § 
0.5 a -19 
0.5 49 0 
1 ie -12 
1 49 - 2 
5 ine - 8 
5 49 0 

10 ae -17 

10 49 - 4 





See table I. 


In all cases the inhibition was reversed, and growth 
was equivalent to the control containing 5.0 x 10° M 
indoleacetic acid. 


Discussion 


In attempting to explain the foregoing data we 
should like to suggest the following possible mode of 
action (fig 5), similar in some respects to that scheme 
presented by Bonner and Thimann (3). In assigning 
auxin a role in cell elongation at the position shown, 


110 
_~ 2 ee ew ee ee 
E 
S 
3 
E ool 
° 
& 
. 3 
2 
Baw 
Ss 
Ri... 
| | | | | 








10-8 10-7 10-6 10-5 10-4 
MOLARITY OF IODOACETIC ACID 


Fic. 4. Effect of iodoacetic acid on coleoptile growth 
in the presence of 5.0x 10° M IAA. 
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Fic. 5. Scheme for sucrose-carbon distribution. Paths 
S and E represent carbon utilization for structure and 
energy respectively. 


the assumption is made that sucrose carbon is essen- 
tial to cell elongation in some unknown capacity and 
that indoleacetic acid catalyzes the formation of some 
growth-essential compound from this carbon. Much 
work has indicated that auxin may enhance the syn- 
thesis of cell wall materials from glucose. In addi- 
tion to its utilization in some unknown manner to 
satisfy structural requirements for elongation, sucrose 
must also act as a source of energy for the process. 
This might be considered a typical Emden-Meyerhof 
process with most of the energy being supplied through 
the operation of the Krebs cycle. We believe that 
iodoacetate may stimulate elongation by readjusting 
the distribution of sucrose carbon between these two 
pathways in such a way that the new dynamic equi- 
librium more nearly satisfies the demand for both 
structural carbon and energy carbon. To illustrate, 
if we assume that in the presence of suboptimal con- 
centrations of auxin (i.e., 5.7 x 10-6 M) the process is 
wasteful of sucrose carbon in that too much is being 
diverted into the Krebs cycle with the resultant pro- 
duction of excess energy, the removal of lipoic acid by 
iodoacetate would result in a build-up of three car- 
bon compounds. The new dynamic equilibrium would 
divert more of the sucrose carbon toward structural 
requirements and less toward supplying superfluous 
energy. Higher additions of iodoacetate would finally 
limit the energy supply to a detrimental degree, re- 
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sulting first in a lessening of the stimulation and 
finally in an inhibition of growth. Arsenite, CMBA, 
and amino-naphthol-sulfonic acid could presumably 
stimulate in the same manner. The reversal of these 
stimulations (arsenite and CMBA) by lipoie acid alone 
indicates either that sulfhydryl groups of lipoic acid 
have a higher affinity for these agents than do other 
sulfhydryl compounds as might be expected from the 
work of Barron and Singer (4) and Stocken and 
Thompson (8), or that other essential sulfhydryl com- 
pounds are present in such excess that a small loss of 
such non-limiting materials by reaction with iodoace- 
tate has little effect upon the metabolic equilibria. 

At the optimal concentration of indoleacetic acid 
(i.e., 5.0x 10-5 M) the situation with respect to these 
additives is quite different. At this point we have an 
ideal dynamic balance at which the division of sub- 
strate carbon between the two processes of energy 
production and utilization for structure is precisely 
optimal and finely tuned so that any change must, of 
necessity, result in decreased growth. Small amounts 
of iodoacetate now inhibit since they decrease the 
optimal energy output. Lipoic acid reverses the in- 
hibition by increasing the flow of carbon into the 
Krebs cycle and hence increasing energy production. 

Concentrations of auxin greater than 5.0 x 105 M 
result in a decreased elongation when compared to 
those grown in the optimal concentration. Presum- 
ably, this could be interpreted as indicating too great 
a utilization of sucrose carbon for structural purposes 
at the expense of a limited energy supply. This is 
born out by the fact that concentrations of Co A 
which were inhibitory at optimal auxin concentration 
bring about a lessening of the inhibition due to excess 
auxin (table VI). In a sense, Co A has now become 
stimulatory. It brings about a new dynamic equi- 
librium wherein more sucrose carbon flows into the 
Krebs cycle, resulting in enhanced growth. 


TABLE VI 


Errect oF Co—ENZYME A ON INDOLEACETIC AcID TREATED 








CoENZYME A Diets tea ee 
-6 

x10°M 5.0 5.7 63 
% Deviation from control 

0 * - 8 -17 
0.13 ** - 6 - 5 -13 
0.63 - 9 - 1 - 5 

13 -14 - 7 - 1 

2.0 — 22 -13 - 7 





In addition to indicated cone of coenzyme A, meas- 
urements made as in table I. 
* Control. 
** Preparation in reduced form, 90% pure. 


SUMMARY 


Stimulation of straight growth of the Avena colcop- 
tile by subinhibitory concentrations of iodoacetate and 
other sulfhydryl-reactive compounds has been studied 
in detail. 

Such stimulation was prevented by the addition 
of lipoic acid but not by other sulfhydryl or disulfide- 
containing compounds. 

Stimulation by these compounds was found to be 
impossible in the presence of the optimal concentra- 
tion of indoleacetic acid and under such conditions 
iodoacetate inhibited at all concentrations. This in- 
hibition was prevented by lipoic acid. 

It is postulated that such compounds stimulate 
growth by partially inhibiting the oxidative decar- 
boxylation of pyruvate or a-ketoglutarate. Such an 
inhibition may result in a more favorable allocation 
of glucose carbon between two competing, carbon- 
consuming processes; one utilizing carbon for the pro- 
duction of energy, the other for structurally essential 
compounds. 


The authors wish to thank Dr. Lester J. Reed of 
the University of Texas for pt Alpha lipoie acid and 
Dr. Robert Stokstad of the Lederle Laboratories for 
methyl thioctie acid. 
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THE DARK FIXATION OF CO, BY SUCCULENT LEAVES: 


METABOLIC CHANGES SUBSEQUENT TO 
INITIAL FIXATION ?? 


PAUL SALTMAN, VICTORIA H. LYNCH,? GEORGE M. KUNITAKE, 
CLYDE STITT ann HERBERT SPOLTER 
DEPARTMENT OF BIOCHEMISTRY AND NUTRITION, ScHOoL OF MEDICINE, 
UNIVERSITY OF SOUTHERN CALIFORNIA, Los ANGELES 7, CALIFORNIA 


Succulent plants are characterized by a diurnal 
rhythm of dark acidification and light deacidification. 
Concomitant with the acidification there is a loss of 
stored carbohydrate while in the light, organic acids 
are converted to carbohydrate (3). That COs, fixa- 
tion in the dark is directly linked with the formation 
of acids was conclusively demonstrated by Thurlow 
and Bonner (20) using C!*O., and excised leaves of 
Bryophyllum crenatum. Thomas and his co-workers 
(19) have confirmed the relationship of CO, fixa- 
tion and acid synthesis by elegant physiological ex- 
periments in which CO, uptake was correlated with 
increased acid formation. 

Analysis of several compounds synthesized during 
the dark fixation has been made by Varner and Bur- 
rell (22). Excised B. calycinum leaves were exposed 
to C40, for 2.5 hours in total darkness, and the or- 
ganic acids and carbohydrates isolated by chromatog- 
raphy on silica gel columns. The acids isolated were 
malic, succinic, oxalic, citric, and iso-citric—the same 
acids which had been identified chemically by Pucher 
(11). Stutz and Burris (18) extended the work of 
Varner and Burrell by exposing a wide variety of 
leaves from higher plants to C14O, in the dark, sep- 
arating the acids by column chromatography and 
measuring their specific activities. Ranson (13) em- 
ployed the teclinique of paper chromatography and 
radioautography to identify aspartate and glutamate 
as products of 14-hour dark C14Q, fixation of Kalan- 
choé leaves. Bradbeer (4) has reported the incor- 
poration of C140, label into a a-ketoglutarate, pyru- 
vate, and oxaloacetate. 

In order to gain further insight into the pathways 
of Cl4O, during the dark metabolism of succulents, 
the techniques of Calvin, Benson, and co-workers (2) 
were adapted to this problem. By exposing B. calyci- 
num leaves to C140, in the dark for varying periods 
of time and isolating and identifying the products 
formed, one should be able to elucidate the metabolic 
interconversions of the organic and amino acids. This 
paper will describe experiments in which the com- 
pounds incorporating radioactivity have been identi- 
fied and their activities determined during periods of 

1 Received October 30, 1956. : 

2 This investigation was supported in part by a re- 
search grant from the National Science Foundation, and 
in part by the Tobacco Industry Research Committee. 
The facilities of the Allan Hancock Foundation were 
generously provided. 

3 Present address: Carnegie Institution of Washing- 
ton, Stanford, California. 


dark fixation from 1 minute to 2 hours. The pattern 
of compounds isolated suggests the operation of the 
enzymes of the Krebs tricarboxylic acid cycle as well 
as the participation of transamination reactions lead- 
ing to the formation of amino acids from the a-keto 
acids of the cycle. 


METHODS 


The methods used in these longer periods of dark 
fixation of C140, are the same as those described in 
detail in a previous communication (15). A specially 
constructed apparatus permits excised leaves from B. 
calycinum to be exposed to C140, in total darkness. 
Approximately one gm of young leaves taken from 
the apex of the plants immediately before use was 
placed in the apparatus, C!4O. generated from 4 to 5 
mg of BaCl4Og (specific activity 0.0282 mc/mg) was 
admitted, and the reaction terminated at the desired 
time by homogenization in boiling 80 % ethanol. The 
extract was filtered, extracted with Skellysolv A (Pen- 
tane), and the ethanolic extract concentrated to a 
volume of 2.0 ml under reduced pressure. Two di- 
mensional chromatography of an aliquot (0.1 to 0.2 
ml) of the concentrated extract in 80 % phenol-20 % 
water (w/w) in the first direction and (79) butanol— 
(19) acetic acid-(50) water (v/v/v) in the second, 
was used to separate the compounds. Radio-auto- 
graphs were made by exposing “no-screen” x-ray film 
to the chromatogram. Identification of radioactive 
compounds was made by elution and subsequent co- 
chromatography with known compounds. The activ- 
ity of each compound was measured directly on the 
paper with an end window Geiger tube. Derivatives 
of the a-keto acids were made by disrupting the tis- 
sue with 30 ml of 5N H.SO,, adding 30 ml of 5N 
H.SO, saturated with 2,4-dinitrophenyl hydrazine, 
and forming the hydrazone derivatives as described by 
Ranson (personal communication). The mixture was 
allowed to stand for one hour at room temperature 
and then filtered. The filtrate was extracted three 
times with 25-ml portions of ethyl acetate. The ethyl 
acetate was then extracted three times with 25-ml 
portions of 10 % NasCOg. The NagCOg solution was 
acidified to pH 1.0 with cold 5 N H,SO, and the hy- 
drazones extracted into ethyl acetate. The ethyl ace- 
tate fraction was dried over anhydrous Na,SOq4 and 
then concentrated to 2.0 ml under reduced pressure. 
The hydrazones were separated by paper chromatog- 
raphy by the method of Isherwood and Cruickshank 
(9), and were eluted and identified by cochromatogra- 
phy with authentic derivatives of the keto-acids. 
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RESULTS AND DIscussION 


A radio-autograph for a 1-hour dark fixation is 
presented in figure 1. The compounds identified con- 
clusively are: malate, citrate, isocitrate, succinate, fu- 
marate, aspartate, asparagine, glutamate, glutamine, 
alanine, glycine, and serine. The activities of these 
compounds expressed as percent of total activity fixed 
at the time intervals tested are presented in table I. 
After 60 minutes no new labeled compounds appear, 
although total activity in these compounds continues 
to increase. It should be noted that neither phos- 
phorylated intermediates of glycolysis nor carbohy- 
drates appear during dark COz, fixation. Table II 
presents the activities of the various a-keto acids iso- 
lated as the hydrazone derivatives. 

Probable metabolic pathways by which the labeled 
compounds may be formed after the initial fixation of 
C40, as oxaloacetate are suggested in figure 2. 

The classical Krebs tricarboxylic cycle would ap- 
pear to play a key role in succulent metabolism. The 
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Fic. 1. Photographic reproduction of radioautogram 
from two dimensional paper chromatogram of extract 
from 60-min dark fixation of C“O2 by Bryophyllum calyci- 
num. Compounds identified are: 1. alanine; 2. gluta- 
mine; 3. asparagine; 4. glycine; 5. serine; 6. glutamate; 
7. aspartate; 8. citrate; 9. isocitrate; 10. malate 11. fuma- 
rate; 12. succinate. 





TABLE I 


Propucts FROM THE Dark FrxaTIONn or C“O. sy 
BrRYOPHYLLUM CALYCINUM LEAVES * 





30 60 120 


CoMPouUND l 5 10 

, Min Min Min Min Min Min 
Malate 60 65 57 71 61 75 
Aspartate 20 10 8.7 76 11 41 
Isocitrate 11 10 14 75 15 8.2 
Citrate 41 43 3.4 46 6.1 53 
Glutamate 4.0 2.1 3.9 2.6 2.1 2.0 
Glutamine 03 0.5 3.8 0.7 0.2 05 
Alanine 0.0 13 3.4 0.4 0.2 03 
Succinate 0.0 1.9 1.0 0.5 0.9 0.7 
Fumarate 0.0 08 18 0.7 0.4 0.5 
Serine 0.0 0.0 0.0 0.2 0.3 0.1 
Glycine 0.0 0.0 0.0 0.0 0.2 0.2 
Asparagine 0.0 0.0 0.0 0.0 03 0.1 


Totals 994 959 970 958 97.7 97.0 


* All values as percentage of total C™ counted on the 
chromatogram. Small amounts of unidentified com- 
pounds and the origin account for the percentages not 
listed. 

These are the results of a single experimental run, 
but are typical of 3 expts. 


preparation of biochemically active mitochondrial par- 
ticles from green pea leaves by Smillie (16) indicates 
the functioning of this metabolic system in leaf tis- 
sue. The previous inability of many workers (5) to 
isolate such preparations seems entirely due to pro- 
cedural difficulties and not to the absence of mito- 
chondria in green tissue. Stutz and Burris (18) found 
that the specific activities of some of the acids of the 
cycle failed to reach equilibrium in B. calycinum 
leaves exposed to C140. They interpreted their re- 
sults to indicate that the cycle, if operative at all, 
must be quite sluggish. However, they fail to con- 
sider the rates at which some of the acids, particu- 
larly malic, citric, and iso-citric are removed from the 
metabolic activities of the cycle into the vacuole or 
into some other more static area of the cell. Evidence 
from our laboratory, to be presented elsewhere, indi- 
cates that all organic and amino acids are not equally 
available for metabolism. The experiments of Tolbert 


TABLE II 


ACTIVITIES OF 2,4-DINITROPHENYLHYDRAZONE DERIVATIVES 
AFTER A 10-MinutEe Dark Frxation or C“%O: BY 
BRYOPHYLLUM CALYCINUM LEAVES * 





KETO ACID % ACTIVITY 


Oxaloacetate 38 
a-Ketoglutarate 28 
Pyruvate 33 

Total 99 








* Values are given as percentage of total C counted 
on the chromatogram. Small amounts of unidentified 
hydrazone derivatives and the origin account for the 
percentages not listed. 

These are the results of a single experimental run, 
but are typical of 4 expts. 








(2 
di 
in 
ha 
fu 


m 


cis 
pc 


su 
WI 
in 
se 
it} 
ad 
ca 


ar 
di 





di- 


fed 


ied 


un, 








HYDROXYPYRUVATE——» SERINE——» GLYCINE 


ALANINE 


1 rr-coaa CTRATE 1SO-CITRATE 
prmivateN tes 
CO, OXALOACETATE KETO-GLUTARATER 
pep ——_»—" GLUTAMATE 
t MALATE y TE 
— ener ey 


ASPARAGINE 


Fic. 2. Proposed metabolic pathways involved in the 
dark fixation of COs by Bryophyllum calycinum leaves. 
The pathway for the biosynthesis of serine from pyru- 
vate via hydroxypyruvate is hypothetical. 


(21) with large uni-cellular algae also indicate that 
differential transport of organic compounds is involved 
in plant metabolism. Ramstad and Lieberman (12) 
have expressed the view that the Krebs cycle is not 
functioning in succulent metabolism. Their funda- 
mental assumptions with respect to the concentrations 
of acids and the equilibrium of citrate, iso-citrate, and 
cis-aconitate could be explained by differential trans- 
port mechanisms. 

Further evidence supporting an active cycle in 
succulents is found in the experiments of Thomas (1° 
who demonstrated that dark COg, fixation is markedly 
inhibited at low oxygen levels. Not only is the cycle 
sensitively dependent upon oxygen for optimal activ- 
ity, but also, anaerobiosis increases the amount of 
adenylate acceptor (i.e., ADP*) available. Since PEP 
can either be carboxylated to yield oxaloacetate, or 
transfer its phosphate group to ADP to yield ATP, 
anaerobiosis would favor the later reaction, and, as a 
direct consequence, a decrease in the carboxylation 
reaction would be observed. It is difficult to con- 
ceive of metabolic sequences other than the Krebs 
cycle that would account for the pattern of com- 
pounds identified during the dark fixation of CO, by 
succulent leaves. 

The rapid formation of glutamate could occur 
from a-ketoglutarate by either transamination or by 
the direct amination through the action of glutamic 
acid dehydrogenase. The activity found in alanine 
and aspartate would appear to be dependent upon 
synthesis via the activity of the transaminases (26). 
That the oxaloacetate must “shuttle” via malate to 
the symmetrical molecule of fumarate and back to 
oxaloacetate is apparent from the activity found in 
alanine. Were this “shuttle” not operative, the de- 
carboxylation of oxaloacetate would yield non-radio- 
active pyruvate and consequently, inactive alanine. 
The presence of a-ketoglutarate, oxaloacetate, and 
pyruvate in plant tissue has been demonstrated by 
Virtanen (23) and by Barker and Mapson (1). We 
have confirmed and extended their observations by 
isolating 2,4-dinitrophenylhydrazone derivatives of 


4The following abbreviations are employed: PEP, 
phosphoenolpyruvate ; DPN*, oxidized diphosphopyridine 
nucleotide; DPNH, reduced diphosphopyridine nucleo- 
tide; ATP, adenosine triphosphate; ADP, adenosine di- 
phosphate. 
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these keto acids which contained radioactivity after a 
10-minute exposure to C140, in the dark. Thus the 
key a-keto acids of the Krebs cycle seem to be di- 
rectly involved in the dark metabolism of the succu- 
lents. That glutamine incorporates label coinciden- 
tally with the glutamate is evidence for a very active 
glutamine synthetase in Bryophyllum leaves similar 
to the enzyme system studied by Elliot (7) and Web- 
ster (24) in a variety of plant tissues. The asparagine 
synthease (25) enzyme is much slower than the glu- 
tamine enzyme as demonstrated by the relatively late 
appearance of radioactive asparagine despite the fact 
that aspartate is one of the first compounds to incor- 
porate label. 

The proposed pathways for the synthesis of serine 
and glycine are based only on the observation that 
serine incorporates radioactivity before glycine. Much 
evidence is now available to indicate that serine is the 
precursor to glycine in animal tissue. Sallach (14) 
has administered carboxyl-C1*4 glyceric acid to rats 
and has observed its direct conversion to carboxyl 
labeled serine. He has also shown the presence of an 
active transaminase which transfers the amino group 
of alanine to hydroxypyruvate. Kitt (10) has incu- 
bated glucose-1-C14 with tumor tissue for short periods 
of time and has demonstrated that serine is labeled 
prior to glycine. To explain these results, Kitt postu- 
lates a pathway leading from phosphoglycerate to 
phosphohydroxypyruvate to phosphoserine. Confir- 
mation for this metabolic scheme for serine biosyn- 
thesis is given by the study by Greenberg and Ichi- 
hara (8) who with the use of preparations from rat 
liver, were able to isolate and identify the phosphoryl- 
ated intermediates in the metabolic pathway. Staf- 
ford et al (17) have investigated an enzyme from 
parsley which catalyzes the reaction 


DPNH + H* + hydroxypyruvate => 
p-glycerate + DPN*. 


Once labeled carbon has been incorporated into pyru- 
vate or phosphopyruvate, as is indicated by our ex- 
periments, a reversal of glycolysis would lead to phos- 
phoglycerate. We are not able at this time to ascer- 
tain whether a phosphorylated or non-phosphorylated 
pathway is operative in the synthesis of serine by 
higher plants. 

We have been unable to demonstrate the incor- 
poration of label into oxalate by cochromatography of 
our extracts with carrier oxalate. This finding is in 
contrast to the studies of Varner and Burrell (22) and 
Stutz and Burris (18) who have isolated the oxalate 
by column chromatography and have shown appreci- 
able incorporation of C14O,. There was no detectable 
activity associated with lactate, glyoxylate, and glyco- 
late, compounds which are associated with the or- 
ganic acid metabolism of higher plants (6). 


SUMMARY 


1. Compounds which incorporate C140, during 
dark fixation by Bryophyllum calycinum leaves have 
been identified by two dimensional paper chromatog- 










200 


raphy. The compounds detected are: malate, citrate, 
iso-citrate, succinate, fumarate, aspartate, asparagine, 
glutamate, glutamine, alanine, glycine, and serine. 

2. The kinetics of the incorporation has been 
studied by exposing the excised leaves to C140, for 
periods of time from one minute to 2 hours. 

3. The pattern of incorporation observed in the 
organic and amino acids suggests the operation of the 
Krebs tricarboxyliec acid cycle in its entirety. Amino 
acids are synthesized from their respective a-keto acid 
analogues by transamination or by reductive amina- 
tion. 

4. Labelling is observed in serine before it can be 
detected in glycine during the dark fixation of C140, 
by succulents. 
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THE PRODUCTS OF CO, DARK FIXATION IN LEAVES OF LONG- AND 


SHORT-DAY TREATED KALANCHOE BLOSSFELDIANA}?? 


GEORGE M. KUNITAKE, PAUL SALTMAN anp ANTON LANG 
DEPARTMENT OF BIOCHEMISTRY AND NUTRITION, UNIVERSITY OF SOUTHERN CALIFORNIA, 
Los ANGELES 7, AND DEPARTMENT OF Botany, UNIversITY OF CALIFORNIA, 

Los ANGELES 24, CALIFORNIA 


As shown by Gregory, Spear and Thimann (2), 
photoperiodic induction results in a striking increase 
in the rate of dark fixation of carbon dioxide by the 
short-day plant Kalanchoé blossfeldiana. The “extra” 
CO. thus fixed in the dark period of a short day is re- 
leased in the following light period, and the normal 
pattern of CO. exchange in green plants may appear 
reversed, CO. being absorbed in the dark and evolved 
in the light. Brief light interruptions in the middle 
of the dark periods prevent the development of the 
short-day pattern of COs, fixation. Since such “light 
flashes” suppress also the flower-inducing action of 
short days, and because of some additional parallels 
between increased CO. dark fixation and flower induc- 
tion it seems attractive to assume a causal relation 
between the two processes. 

The present experiments were undertaken in or- 
der to discover whether the difference in the dark 
fixation of carbon dioxide by photoperiodically in- 
duced and noninduced Kalanchoé is qualitative or 
quantitative in nature. This was done by exposing 
leaves from induced (short-day treated) and non-in- 
duced (long-day grown) plants to radioactive CO. 
and determining by means of paper chromatography 
the compounds in which the label appeared. 


MATERIAL AND METHODS 


The work was performed with the variety Tom 
Thumb of Kalanchoé blossfeldiana. The original 
plants, grown from seed, were kindly supplied by Dr. 
A. M. Kofranek, Department of Floriculture, U. C. 
L. A.; later, they were propagated by cuttings. The 
plants were grown with a single shoot, all side shoots 
being removed as soon as they appeared. Long-day 
treated plants received at least 19 hours of light daily 
(supplementary light of 30 + 5 ft-ec from 5 P.M. to 
2 A.M.) and remained in a strictly vegetative condi- 
tion. Short-day treatment consisted of 9-hour light 
periods (8 A.M. to 5 P.M.) and 15-hour dark periods. 
Long- and short-days were given in the greenhouse, 
and while no attempt was made at controlling day 
temperatures, night temperatures were maintained 
between 18 and 20°C, occasionally rising to 25° C. 
Under these conditions, and depending on their age, 
the plants require a minimum of 6 to 10 short days 
for a macroscopic flowering response, and optimum 
response is obtained with about 20 short days. 

The exposure to radioactive CO, was carried out 
in the 11th to 12th hour of the dark period, since 
according to the graphs in Gregory et al (2) COs fixa- 


1 Received November 20, 1956. 

2 Work supported in part by research grants from the 
National Science Foundation and from the Institutes of 
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tion in long dark periods usually reaches its maximum 
rate at that time. The noninduced individuals were 
thus in their first long dark period, in which COg fixa- 
tion is not yet appreciably different from fixation in 
the short dark periods of long days. The number of 
short days which the induced plants had been given 
will be indicated below. 

CO, exposure and analysis of the fixation products 
followed the methods developed by Saltman et al in 
their studies on metabolism of succulent leaves (9). 
In each experiment, one plant from each condition 
(noninduced, and induced for different periods of 
time) was used. Two opposite leaves which had 
reached at least three quarters of their final length 
were selected, care being taken to have closely com- 
parable leaves from induced and noninduced plants. 
The leaves were detached and rapidly weighed in dim 
green safety light which had been found to be photo- 
periodically ineffective (“natural green” incandescent 
lamps, 15 w., indirect illumination). They were then 
transferred into the incubation chamber and exposed 
to an atmosphere containing C!4O, generated from 
BaCOs with C14 (specific activity, 0.06 mc/mg). The 
CO. content of the atmosphere was about 1 %. 

After suitable exposure intervals the leaves were 
killed, homogenized and extracted with 80 % ethanol. 
The extract was filtered and concentrated in vacuo. 
An aliquot was assayed for total radioactivity with an 
end-window Geiger-Mueller tube. Another aliquot 
was subjected to two-dimensional ascending chroma- 
tography on Whatman No. 1 filter paper. The sol- 
vent systems used were phenol (80): water (20), 
(w/w), and n-butanol (79): acetic acid (19) : water 
(50), (v/v/v). Radioautograms of the chromato- 
grams were made with “no-screen” x-ray film. 

In most experiments the leaves were killed with 
boiling 80% ethanol, homogenizing and extraction 
were performed in the incubation chamber, and the 
subsequent steps were carried out in the laboratory at 
room temperature. However, because of the possi- 
bility that a highly labile compound labeled with C14 
might be destroyed or lost under these conditions, one 
experiment was done using additional precautions. 
The killing was done with liquid nitrogen and all sub- 
sequent manipulations including chromatography and 
radioautography were performed in the cold and in 
the dark (or in green safety light where vision was re- 
quired). The results obtained by this procedure were, 
however, identical with those of the other experiments. 


RESULTS 
In all, three separate experiments were performed 


using both 10- and 30-minute dark exposure periods. 
The results of a representative experiment are sum- 
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marized in tables I and II. The exposure time to 
C140, in this experiment was 10 minutes. Experi- 
ments with 30 minutes exposure time gave similar 
results. Despite minor variations in the percent ac- 
tivity in the various compounds, the distribution of 
label was essentially the same. 

The data for the total activity fixed by leaves from 
induced and noninduced plants, and extractable with 
80 % ethanol, are presented in table I. It is clear that 
the induced leaves have a greatly enhanced ability to 
fix CO. Upon the appearance of visible flower buds 
this ability seems to be markedly lowered. However, 
this may be a secondary effect. The production of 
flower buds markedly increases the rate of ageing of 
the leaves of Kalanchoé, and leaves from flower-bear- 
ing and flowerless individuals may not be comparable 
physiologically, even though they are of the same ab- 
solute age (size). 

The compounds which incorporate radioactivity in 
both the induced and noninduced leaves are listed in 
table II. All labeled compounds found in the induced 
plants were found in the noninduced. No difference 
in the patterns of labeled compounds could be de- 
tected. It is interesting to note that the labeled com- 
pounds found in K. blossfeldiana are the same as those 
found in Bryophyllum calycinum (10). 

The percent of total activity present on the chro- 
matograms found in the individual compounds is also 
shown in table II. Again, there seems to be no sig- 
nificant difference between induced and noninduced 
leaves; the relative amounts of each compound are 
the same. It is therefore probable that the entire in- 
crease of radioactivity in the induced leaves: can be 
accounted for by the increase of radioactivity in the 
products of noninduced fixation. 


CONCLUSIONS 


The results described above show that short-day 
treatment results in a greatly increased capacity for 
dark fixation of carbon dioxide in the leaf of Kalan- 
choé, thus confirming the work of Gregory et al (2) 
with a different technique, and that the CO, fixed by 
induced leaves is incorporated into the same com- 
pounds as in leaves from long-day grown plants. It 
might be argued that in our procedures we lost a 
“new,” highly unstable product of CO, dark fixation 
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which is present in leaves of induced plants only. 
However, such an assumption is improbable for a 
number of reasons. Firstly, added precautions in 
handling the material after exposure to C14O,, ex- 
cluding any action of light and elevated temperature 
(see under Material and Methods), had no effect on 
the results. Secondly, the relative increase of radio- 
activity in the individual products of C140, fixation 
corresponds very closely to that in total C!4O, fixa- 
tion, suggesting, as emphasized before, that the total 
increase of CO, fixation by induced leaves is entirely 
based on the increase in the individual products of 
the noninduced fixation. Thirdly, Neyland and Thi- 
mann (6) have recently shown that the increase of 
CO, dark fixation in short-day treated Kalanchoé can 
be quantitatively accounted for by the increase in 
the organic acid fraction of the plants. This evidence, 
considered in its entirety, suggests that short-day 
treatment affects CO, fixation in Kalanchoé in a 
strictly quantitative manner. It does not create a 
new, additional pathway for COg, fixation, nor does it 
change the relative rates of CO. transfer between dif- 
ferent compounds (rates of decarboxylation and car- 
boxylation). It results, however, in an increase of the 
capacity for the initial incorporation of CO, and/or 
its transfer to subsequent compounds. If any one of 
the enzymes which participate in these reactions, op- 
erates at the limit of its capacity, an increase of the 
latter by short-day treatment of the plant would ac- 
count for the observed changes in CO, dark fixation 
in induced Kalanchoé plants. 

If increased dark fixation of CO, under short-day 
conditions and photoperiodic induction of flower for- 
mation are causally related, the relation would appear 
to be a rather nonspecific one. One can, for example, 
assume that the rise in the level of the products of 
CO, dark fixation, or some of these products, is a 
premise for the activity of some of the biochemical 
processes leading to flower initiation. It is also con- 
ceivable that the increase of acidity in the leaf cells, 
which will probably result from the increased organic 
acid content, is important in relating to flowering. 
However, Garner et al (1) did not find an increase, 
but rather a decrease in acidity of the expressed sap 


TABLE II 
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Citrate, isocitrate 13.4 153 
Succinate fumarate 1.0 1.0 
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from the apical region of Cosmos (a nonsucculent 
short-day plant) upon photoinduction. But our re- 
sults do not indicate that some product of short-day 
CO, dark fixation has a specific and direct signifi- 
cance in photoperiodic induction. 

It ought also to be borne in mind that the causal 
relation of CO, dark fixation and flower induction, 
while suggestive, cannot be considered as unequivo- 
cally established. In the experiments of Gregory et al 
(2), the most spectacular increase of CO, uptake in 
the dark periods occurs after the 15th short day, that 
is after photoperiodic induction of flower formation 
has been consummated. Increased CO, fixation thus 
may be associated with the “induced state” (or even 
with the early processes of actual flower formation) 
rather than with the “act of induction” (see 8). 
Langston and Leopold (5) have reported that exclu- 
sion of CO, from the atmosphere during the dark 
periods of photoinductive cycles results in a reduction 
of the number of flowers or inflorescences produced by 
plants of Biloxi soybean and Xanthium, two short-day 
species. It is, however, dubious whether the total 
flower or inflorescence number per plant is a satisfac- 
tory criterion for the effectiveness of photoperiodic 
induction. Photoinduction is usually measured by 
the number of flower-bearing nodes in Soja (3), and 
by the early “stages” of inflorescence development in 
Xanthium (4, 7). There is a simple and highly re- 
producible relation between these criteria and the 
amount of induction. No such information is avail- 
able for the relation between photoinduction and the 
total number of flowers formed on the plant. 


SUMMARY 

Dark fixation of carbon dioxide by leaves of in- 
duced and noninduced plants of Kalanchoé blossfeldi- 
ana was studied by means of 10- to 30-minute expo- 
sures to C14O,. Short-day treatment resulted in an 
increase of the rate of dark fixation. However, nei- 
ther the pattern of labeled compounds, nor the rela- 
tive distribution of radioactivity in these compounds 
showed any significant differences between leaves of 
induced and noninduced plants. It is concluded that 
the increase in induced CO, dark fixation is based on 
the increase in the products of noninduced fixation, 
and that the effect of short days on CO, dark fixa- 
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tion in Kalanchoé is a quantitative one. The relation 
of CO, dark fixation and photoperiodic induction of 
flower formation is briefly discussed. 


Since the preparation of this manuscript the ar- 
ticle by Sen, 8. P. and Leopop, A. C. (Plant Physiol. 
31: 323-329. 1956) appeared. Their conclusions with 
respect to the causal relationship between dark CO. 
fixation and flowering do not differ fundamentally 
from our own. However, the pattern of labeling. ob- 
served by them for their plants (soy bean, Xanthium 
and barley) are quite different from our own. Fur- 
ther investigation is needed to explain this difference. 
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STUDIES ON THE ORGAN OF PRODUCTION OF THE NATURAL 


GIBBERELLIN FACTOR IN HIGHER PLANTS? ? 


JAMES A. LOCKHART 
Division or Biotocy, CALirorNIA INSTITUTE OF TECHNOLOGY, PASADENA, CALIFORNIA 


The gibberellins have come to be recognized as of 
major importance in the physiology of higher plants. 
The application of gibberellin has been shown to 
change the phenotype of many dwarf plants to that 
of the normal (1, 6). It has been found to replace 
the low temperature and long day requirements for 
flowering of a biennial plant (2), and to reverse the 
light inhibition of stem growth in dwarf and normal 
peas (3) and Perilla (4). Extracts containing gib- 
berellin activity, as measured by the specific response 
of single-gene, dwarf mutants, have been made from 
the seed of several higher plants (9); providing final 
proof for the existence of gibberellin-like compounds 
in higher plants, and making virtually certain the as- 
sumption that the physiological responses indicated 
above are controlled in higher plants by native gib- 
berellin-like compounds. 

One of the important physiological questions which 
arises in further investigations of the physiology of 
the gibberellins is the location of the region of pro- 
duction of the natural gibberellin factor in the plant. 
Specialization in plants is not so great as it is in the 
higher animals; nevertheless, the production of hor- 
mones has been found to be restricted to specific tis- 
sues in the higher plants. The leaves, roots, stem tip, 
or in seedlings, the cotyledons, have been shown to 
produce one or more hormones which act in the cor- 
relation and regulation of growth (cf 7). 

The present paper will present evidence indicating 
that the natural gibberellin factor, necessary for maxi- 
mum stem elongation in normal pea seedlings, is pro- 
duced in the stem tip. 


MATERIALS AND METHODS 


Alaska pea seed (Ferry-Morse Seed Co., Los An- 
geles) a non-dwarf variety of Pisum sativum, were 
washed, soaked for 5 to 6 hours in water, and placed 
in moist vermiculite in stainless steel trays. They 
were grown at 25° C in complete darkness, except for 
brief exposures to weak blue light during watering and 
experimental manipulations. The plants were used 
when they were 5 to 6 days old; when the second in- 
ternode was 2 to 3 em long, or a day earlier, as the 
second internode was just beginning elongation, as 
indicated in the individual experiments. 

The dwarf pea used here was Morse’s Progress 
#9, obtained from Ferry-Morse Seed Company, Los 
Angeles. It has been shown to respond to applied gib- 
berellin (3). 

The gibberellin used in these experiments consisted 


1 Received November 29, 1956. 
2 The work reported here was supported in part by 
the Herman Frasch Foundation. 
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of mixtures of gibberellin A and gibberellic acid? It 
was usually applied as a 0.004-ml ethanol drop to the 
apex, at a concentration giving a dose of 1 pgm per 
plant. lLanolin solutions of growth substances were 
made up by melting a weighed amount of lanolin and 
adding indoleacetic acid (IAA) or gibberellin dis- 
solved in a small amount of ethanol. That significant 
destruction of the IAA did not occur was demon- 
strated by the formation of large swellings below 
the cut tip of the seedlings when the higher concen- 
trations of IAA were used. 

The grafts were made by the method of Paton 
and Barber (5). The stocks were cut off at the vertex 
of the hook and the stem was slit radially downward 
2to 3mm. The scion, which included 2 to 3 mm of 
stem below the hook, trimmed wedge-shaped, was in- 
serted into the slit stock and held in place with a 
small rubber band. 


EXPERIMENTAL RESULTS 


One method of establishing the organ of produc- 
tion of a growth hormone, if the hormone has first 
been isolated, is to remove from the plant the organ 
suspected as the source; and then attempt to repro- 
duce the response normally elicited by this organ by 
application of the pure hormone. If the added sub- 
stance can, to a large extent, replace the organ in re- 
storing normal growth, then the presumption is strong 
that the organ removed normally supplies to the 
plant a comparable substance. It may be noted that 
the converse conclusion is not valid. 

Figure 1 illustrates the results of a typical experi- 
ment, in which various possible sites of gibberellin 
synthesis were excised from the seedlings. Five-day- 
old dark-grown Alaska pea seedlings, in which the 
second internode was just beginning to elongate, were 
removed from the vermiculite and either the roots, 
the cotyledons, or both were excised. The seedlings 
were then placed in glass bottles containing Knop’s 
nutrient solution and 1% sucrose. To a portion of 
each group gibberellin was added to the stem tip as 
an alcoholic drop. The growth of the second inter- 
node in darkness was measured 24 and 48 hours later. 
Removal of the cotyledons (but not the roots) results 
in a marked inhibition of stem growth within 24 hours. 
Gibberellin does not affect the growth of these plants 
any more than it affects the controls. 

Over a 48-hour period an effect of removal of the 
roots on stem growth becomes evident. Figure 2 il- 
lustrates the results of two separate experiments, car- 


3 Samples obtained by Prof. James Bonner from Dr. 
F. H. Stodola, U.S.D.A., Peoria, Illinois and Dr. Reed 
Gray, Merck and Co., Inc., Rahway, New Jersey. 
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ried out as described above, and measured after 48 
hours. In this case an influence of both roots and 
cotyledons is apparent, and it is clear that gibberellin 
does not reverse the inhibition of growth in either 
ease. These results fail to provide evidence that the 
natural gibberellin factor is produced in either the 
cotyledons or roots. As indicated above, these results 
fail to provide evidence for or against the production 
of gibberellin in these organs. 

A further possibility would be that the natural 
gibberellin factor is produced in the tip of the plant 
and is translocated downward in the stem. To test 
this possibility the tips of 5- to 6-day-old pea seedlings 
were cut off at the vertex of the hook, and lanolin, to 
which in some cases IAA had been added, was applied 
to the cut surface. Since auxin is known to be pro- 
duced in the tips of seedlings, the effect of added JAA 
on the rate of elongation of the stem was investigated 
at the same time. 

In order to eliminate any effects of auxin on cell 
division at the tip, and measure more precisely the 
rate of growth after treatment, as well as make pos- 
sible direct comparison with intact seedlings, two 
marks were made on the stem with lanolin-carbon 
ink. The upper mark was placed 2 mm below the 
tip and the second mark 5 mm below the first. 
Growth was measured as the elongation of the marked 
region during the experimental period. 


RESPONSE OF DARK GROWN ALASKA 
PEA SEEDLINGS — 7-12-56 
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Fig. 1. Growth of 5-day-old Alaska pea seedlings in 
24 hours in response to removal of the roots (- roots), 
the cotyledons (- cotyl.), or both (stem) compared to the 
intact control. The effect of gibberellin (1 »gm/plant) 
is shown by the darker bars. 
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Fic. 2. Growth of 5-day-old Alaska pea seedlings in 
48 hours. Treatments identical to figure 1. 


Figure 3 illustrates the effects of various concen- 
trations of IAA on the elongation of decapitated pea 
stems, in the presence or absence of applied gibberel- 
lin. The extent of elongation is compared with the 
elongation of intact plants. The data illustrated rep- 
resent the average responses of 7 separate experi- 
ments. It may be seen that gibberellin but not IAA 
restores the growth of the decapitated plant virtually 
to that of the intact controls. While the average data 
indicate a significant response of the intact plants to 
gibberellin, it may be noted that a maximum gibberel- 
lin response of decapitated plants has been observed 
in experiments in which the intact plants showed no 
response to gibberellin. 

The results of a typical experiment in which the 
time course of growth was measured are presented in 
figure 4. The marked 5-mm section of intact plants 
elongates in 24 hours from an initial length of 5 mm 
to a final length approaching 20 mm. The marked 
section of those plants which were decapitated and to 
which lanolin alone was applied reached a final length 
of only 8 to 9 mm, illustrating the effect of decapita- 
tion. Application of 1 pgm gibberellin to the de- 
capitated plants almost completely restored the 
growth capacity of these stems. A typical response 
to IAA (0.01 pgm/gm lanolin) is also shown. While 
IAA is capable of promoting growth to some extent, 
it has not been found, in these experiments, to cause 
a response comparable to that caused by gibberellin. 

It appears clear, then, that gibberellin but not 
IAA may almost completely replace the stem tip (the 
apical bud) in promoting the elongation of the grow- 
ing region of the pea stem. The effective replacement 
of the tip by gibberellin represents strong evidence 
that the natural gibberellin factor is produced in the 
tip of the pea seedling. Nevertheless, independent 
evidence for this conclusion would be very desirable. 

Attempts were therefore made to graft stem tips 
of the normal Alaska pea onto dwarf stems to deter- 
mine whether the normal tip would induce greater 
growth in the elongating region of the dwarf stem, as 
it should if the tip is producing and exporting the 
natural gibberellin. Although many of the grafts 
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Fic. 3 (above). Growth of the subapical 5 mm of 
the stem of Alaska pea seedlings in response to JAA 
and gibberellin (1 wgm/plant). Average of 7 separate 
experiments. 

Fic. 4 (below). Time course of growth of a typical 
experiment as described above. IAA concentration is 
0.01 ugm/gm lanolin. 


were successful, no stem elongation could be observed 
in the decapitated and grafted dwarf plants. The 
success of the grafts and the healthy state of the 
scions is indicated by the growth of the normal tip, 
after the usual delay of several days. This time lag 
before graft union occurs suggested that the gibberel- 
lin from the tip, even if present, might not pass the 
graft, at least until tissue union was effected. Such, 
apparently, is the case with the movement of cauloca- 
line from the base to the tip of the pea (8). To test 
this possibility, Alaska tips were grafted onto Alaska 
stems, and the growth of the elongating region of the 
stock was observed. Although the scions remained 
healthy and eventually resumed growth, no growth 
was observed in the stock. Thus the factor from the 
tip necessary for elongation of the subjacent stem does 
not reach the stock, at least until tissue union has 
taken place. Separate experiments indicated that 
after a delay of as little as 24 hours the decapitated 
stems will no longer respond to an application of gib- 
berellic acid. Auxin can hardly be limiting growth 
in this case since it has been shown above that auxin 
is not limiting the rate of elongation of the stem of 
decapitated plants. 

Several reasons may be suggested to explain the 
lack of promotion of growth below the graft. Al- 
though the tips were cut to include 2 to 3 mm of stem 
below the hook, and the tips later resumed normal 
growth, it is possible that the injury of cutting may 
temporarily stop the production of gibberellin. It 
may also be suggested that a precursor must move up 
in the vascular system from the base. Further possi- 
bilities may be that gibberellin moves best through the 
vascular system, or that it is inactivated at the cut 
surfaces. Studies on the movement and metabolism 
of gibberellins may best be left for other reports. 

The results of the grafting experiments appear to 
be consistent with the hypothesis that a natural gib- 
berellin is produced in the tip of the pea seedling and 
is required for maximum elongation of the subjacent 
stem. The natural gibberellin factor may not cross a 
graft juncture, at least until tissue union has been 
effected. 


CONCLUSIONS AND SUMMARY 


It has been demonstrated that applied gibberellin 
can replace almost completely the stem tip in pro- 
moting the elongation of the subapical region of the 
pea stem. This effect of the gibberellin cannot be re- 
placed by IAA. It is concluded that the natural gib- 
berellin factor of the pea plant is produced in the 
stem tip. Gibberellin cannot replace either the roots 
or cotyledons in the promotion of stem growth. 
Grafting experiments indicate that the natural gib- 
berellin does not reach the stock across a graft, at 
least until after tissue union has occurred. 


The author wishes to acknowledge the technical 
assistance of Miss Marjorie Armstrong, Mrs. Mary 
Lou Whaling and Mr. William Purves with many of 
the experfments reported here. 
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MECHANICAL PROPERTIES OF THE AVENA COLEOPTILE AS 
RELATED TO AUXIN AND TO IONIC INTERACTIONS ?:? 


TAKASHI TAGAWA2 ann JAMES BONNER 
KercKHOFF LABORATORIES OF BioLogy, CALIFORNIA INSTITUTE oF TECHNOLOGY, 
PASADENA, CALIFORNIA 


The present paper is concerned with the elasticity 
and plasticity of the Avena coleoptile. This is of in- 
terest because it is known that the extension rate of 
such coleoptiles is determined by the rate at which its 
cell walls stretch under the load imposed by the turgor 
pressure of the cell contents. The growth substance, 
auxin, increases extension rate of plant tissue. The 
osmotic concentration of Avena coleoptile tissue is not 
directly influenced by auxin application (5). That the 
growth promoting effect of auxin is associated rather 
with an increase in the plasticity and to some extent 
in the elasticity of the cell wall was first suggested by 
experiments of Heyn (3, 4) and by Sdding (6, 7). 
Heyn measured deformation of tissue under load and 
found that the plastic component of such deformation 
is increased by pretreatment of the tissue with auxin. 

If we are to know how auxin increases cell wall 
plasticity it will be of evident interest to discover first 
what materials or forces contribute to the rigidity of 
the wall. It will be shown in this paper that the 
physical properties of the Avena coleoptile are depen- 
dent upon the nature of the inorganic ions exchange- 
ably bound by the tissue. These ions are held by non- 
living as well as by living tissue, possibly by pectic 
materials of the wall structure. This suggests that 
pectic materials may play an important part in deter- 
mination of the plasticity of the cell walls of the Avena 
coleoptile. 


1 Received November 29, 1956. 

2 Report of work supported in part by the Herman 
Frasch Foundation. 

3 Professor of plant physiology, Hokkaido University, 
Sapporo, Japan. This work was conducted during the 
tenure of a Japanese Government Fellowship at the Cali- 
fornia Institute of Technology. 


MATERIALS AND METHODS 


Avena seedlings (var. Siegeshafer) were used 
throughout the present investigation. The seeds were 
sown in stainless steel trays containing vermiculite pre- 
viously moistened with distilled water. They were al- 
lowed to germinate and grow in a standard Avena 
room at 25° C and a relative humidity of 90%. Ad- 
ditional water was sprinkled over the seedlings ap- 
proximately 24 and 12 hours prior to harvesting. 
They were harvested when 96 hours old. At this time 
a selection was made from those plants possessing 
coleoptiles 33 = 1 mm in length. The selection of uni- 
form coleoptiles contributes an important element in 
obtaining both precise and reproducible results. 

From each selected coleoptile one 20-mm section 
was cut 3 mm from the tip of the coleoptile. Primary 
leaves were removed from all sections. The sections 
were floated on the surface of the test solutions for in- 
cubation periods ranging from 0 to 120 minutes. The 
concentrations of calcium and potassium ions (both 
given as the chlorides) were 0.02 N throughout. This 
concentration of calcium is known from the work of 
Cooil and Bonner (2) to inhibit essentially completely 
the auxin-induced growth of coleoptile sections. The 
same concentration of potassium, on the other hand, 
has no marked effect on the growth rate of coleoptile 
sections but does antidote the growth inhibiting effect 
of 0.02N ealcium solution (2). Indoleacetie acid 
(IAA) was used as the auxin throughout and given in 
a concentration of 2x 10° M. 

After the desired incubation interval the mechanical 
deformability of the coleoptile tissue is determined 
under conditions of static external load by use of the 
device shown in figure 1. In this machine, the coleop- 
tile is secured at one end and loaded at the other with 
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Fic. 1. Device for subjecting Avena coleoptile sec- 
tions to an external load and for following the course of 
the resulting deformation. 


a standard weight. Rate of bending of the coleoptile 
is then determined. The weight is next removed and 
rate and extent of recovery measured. The coleoptile 
section is first secured to the bending machine by im- 
paling it on a fine stainless steel needle of about 1 mm 
diameter. This needle is fixed so that it extends ex- 
actly 5 mm into the hollow interior of the coleoptile 
cylinder. A fine glass rod, weighing 75 mg and 5 cm 
in length, bearing a central loop, is next inserted into 
the tip end of the coleoptile section. The apical part 
of this glass rod projects upon a protractor on which 
the initial position of the coleoptile is noted. A weight 
of 220 mg is then suspended on the loop. The coleop- 
tile rapidly bends (fig 1) and the course of the move- 
ment with time may be measured on the protractor. 
In order to avoid drying of the experimental material, 
the entire apparatus is covered with a moistened bell 
jar to keep the surrounding air saturated during the 
observations. 

Figure 2 gives data on the time course of the de- 
formation response of Avena coleoptiles which had 
been previously equilibrated with pure water. When 
the load is applied, the coleoptile rapidly bends. This 
initial deformation is followed by a slower deformation 
which continues at a near steady rate for several min- 
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Fic. 2. Time course of Avena coleoptile deformation 
under load. Load (220 mg) imposed at 5 min. Ordi- 
nate: Angle of deformation measured on protractor. 
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utes. When the load is removed, the coleoptile re- 
turns toward its initial position although the recovery 
is not complete. The recovery is thus the reversible 
portion of the deformation and is a measure of the 
elastic properties of the cell wall. The rapid initial 
deformation corresponds in magnitude to the elastic 
portion of the total deformation. The plastic proper- 
ties of the tissue may evidently be measured by the 
slope of the continuing deformation curve of figure 2. 
We have chosen, however, as a routine procedure, to 
use total irreversible deformation over a loading time 
of 10 minutes as the measure of plasticity. Thus each 
measurement involves estimation of the total angle of 
deformation caused by the load over a period of 10 
minutes, the plastic deformation or residual angle 
after removal of the load, and by difference, the elas- 
tic deformation. 

Each coleoptile must be individually treated and its 
responses measured in the present device and this re- 
stricts the number of coleoptiles which may be used 
in a single experiment. Five replicate sections were 
therefore used in each part of each experiment, and 
each experiment repeated 2 to 5 times. 

EXPERIMENTAL RESULTS 

EFFrects oF CALCIUM, MAGNESIUM AND PoTassIUM 
IoNS ON THE MECHANICAL PROPERTIES OF THE TIs- 
sug: The data of figure 3 A show that when coleop- 
tiles are pretreated in a solution containing calcium 
ions, both elasticity and plasticity of the tissue are de- 
creased. Coleoptiles were incubated for times ranging 
from 0 to 120 minutes in 0.02 N CaCl, solution. At 
the end of each incubation period, coleoptiles were re- 
moved to the bending machine and deformability de- 
termined as outlined above. Total deformability de- 
creases rapidly during the first 30 to 60 minutes of in- 
cubation in calcium solution, approaching a constant 
low level with longer times. Both elasticity and plas- 
ticity are decreased (fig 3 A). 

Pretreatment of coleoptiles with MgCl, solution 
(0.02 NV) causes decreases of both elasticity and plas- 
ticity similar to those found to result from calcium 
pretreatment (fig 3B). It appears therefore that 
divalent ions such as calcium and magnesium act to 
make the cell wall firmer and less susceptible to defor- 
mation under load. 

When coleoptiles are pretreated in KCl solution 
(0.02 NV), their total deformability is increased. This 
is due to an increase in elasticity since the plastic com- 
ponent decreases slightly as time of incubation in po- 
tassium solution is increased (fig 3C). Potassium 
ions act, therefore, to make the coleoptile more de- 
formable, particularly by making it more elastic. 

When coleoptiles are soaked in an equinormal mix- 
ture of calcium and potassium ions, the effects of cal- 
cium ions on the mechanical properties of the cell wall 
are suppressed and the effects of the potassium ions 
predominate (fig 3D). The effects of calcium and 
potassium ions on coleoptile plasticity as measured by 
the present direct method are thus quite similar to 
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Fic. 3. Elasticity and plasticity of Avena coleoptile sections as a function of time of incubation in various salt 


solutions. A. CaCh, 0.02N. B. MgCk, 0.02N. C. KCl, 


angle of deformation, P to plastic angle and E to elastic 


the effects of the same ions on cell wall rigidity as 
measured by growth rate (Cooil and Bonner, 1956). 
In both eases calcium is inhibitory, potassium by it- 
self has little effect but possesses the ability to anti- 
dote the effect of calcium. 

The curves of figures 3 A to 3D all indicate that 
the processes having to do with tissue deformability 
are quickly initiated when coleoptiles are placed in 
salt solution, and come to an equilibrium or steady 
state condition within about 60 minutes. The half 
time for attainment of this equilibration is approxi- 
mately 15 to 20 minutes. 

Errect or IAA on Derormasitity: The data of 
figure 4 A concern the effect of IAA on coleoptile de- 
formability. In confirmation of the results of Heyn 
(3), it is apparent that IAA increases the plastic com- 
ponent. This effect is a rapid one. A marked in- 
crease in plasticity can be detected within 30 minutes 
after transfer of the coleoptile to IAA solution. The 
time required to generate one-half of the maximum 
IAA-induced wall softening is of the order of 25 min- 
utes. This is somewhat longer than the time required 


0.02 N. D. CaCle and KCl, each 0.02 N. T refers to total 


angle. 


to achieve steady state elongation of coleoptile sec- 
tions in IAA solution, which has been found to be not 
more than 10 to 20 minutes. 

It has long been known that potassium salts act 
as cofactors in auxin-induced elongation of coleoptile 
sections (Thimann and Schneider (8)). The role of 
this ion is in part an osmotic one (5). In addition, 
however, potassium ions exert an influence on the me- 
chanical properties of the tissue in the presence of 
IAA. This is shown by experiments in which coleop- 
tiles were incubated in KCl, 0.02.N, together with 
IAA. Both plastic and elastic deformability are in- 
creased to a greater extent than is true for treatment 
with IAA or KCl alone (fig 4B). When coleoptiles 
are incubated in IAA together wtih calcium chloride 
(fig 4C) deformability remains essentially unchanged, 
even over a 120-minute period. Thus the stiffening 
effect of calcium ions appears to negate the plasticiz- 
ing effect of IAA. 

TRANSFER FROM POTASSIUM TO CALCIUM AND THE 
ReversE: In order to find out more about the nature 
of the ion uptake responsible for the ionic effects on 
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Fic. 4. Elasticity and plasticity of Avena coleoptile 
sections as a function of time of incubation in IAA solu- 
tion and in the presence or absence of other salts. A. IAA 
alone. B. IAA in KCl, 0.02 N. C. IAA in CaCh, 0.02 NV. 
T refers to total angle of deformation, P to plastic angle 
and E to elastic angle. 


tissue deformability, coleoptile sections were subjected 
to equilibration in potassium containing solution and 
were then transferred either to water or to a solution 
containing calcium ions. The results (fig 5A) show 
again that the elastic component of tissue deformabil- 
ity increases with time during incubation in the po- 
tassium solution. Coleoptiles transferred to water 
after equilibration with potassium retain the levels of 
plasticity and elasticity characteristic of tissue main- 


tained in potassium solution and do not return to the 
initial levels characteristic of water equilibrated sec- 
tions. When such potassium treated sections are 
transferred to calcium solution, however, the elasticity 
and plasticity of the tissue both decrease rapidly to 
the levels characteristic of calcium treated coleoptiles 
as is shown in figure 5 A. 

Figure 5B gives the results from experiments in 
which coleoptile sections were first incubated in cal- 
cium solution until equilibration had been attained 
with respect to elasticity and plasticity. These coleop- 
tiles were then transferred to potassium solution or to 
water. Levels of elasticity and plasticity remain es- 
sentially constant after transfer of the tissue to water. 
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Fic. 5. Changes in the mechanical properties of 
Avena coleoptile caused by transfer of sections from KCl 
to CaCl. solutions and vice versa. A. Transfer from 
KCI solution to water (K — H.O) or to CaCle solution. 
B. Transfer from CaCle solution to water (Ca —~ HO) or 
KCl solution. T refers to total angle of deformation, 
P to plasticity and E to elasticity. 
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When the coleoptiles are transferred from calcium so- 
lution to potassium solution, however, plasticity and 
elasticity increase rapidly to the levels characteristic 
of tissue incubated in potassium containing solution. 
The rate of equilibration of the tissue after transfer 
from one salt solution to a second is approximately 
equal to the rate of equilibration of tissue after trans- 
fer from water to salt solution. 

The ions which influence the mechanical properties 
of the cell wall are therefore easily exchangeable with 
other external ions. They are not, however, readily 
lost to water. The effective ions behave in this re- 
spect as do exchangeably bound ions. 


DIscussIoNn 

This work has been done in order to find out some- 
thing about the properties of the materials in the 
Avena coleoptile cell wall which control cell wall plas- 
ticity. It has been shown that wall plasticity is 
greatly influenced by the nature of the cations to 
which the tissue has been subjected. The effective 
ions appear to be exchangeably bound by the tissue. 
Thus calcium ions, which reduce cell wall plasticity, 
do so by interacting with the tissue in such a way 
that they are subsequently not lost to water but are 
lost to solutions of for example K ions. That Avena 
coleoptile tissue does possess the property of exchange- 
ably binding calcium ions has also been shown directly 
by Cooil and Bonner (2) with the aid of labeled Ca‘®, 
who further found that the time required for consum- 
mation of the exchange equilibrium is of the order of 
30 minutes. The exchangeable binding of labeled cal- 
cium by coleoptile tissue possesses characteristics 
which are similar to those of the process by which cal- 
cium decreases cell wall plasticity. Thus not only is 
the latter process controlled by ions which are held 
in an exchangeable form, but in addition, the rates at 
which the two processes approach equilibrium are 
similar within the limits of precision of the measure- 
ments. These facts suggest then that the calcium 
ions which are bound in such a manner as to decrease 
cell wall plasticity may be the same ions whose ex- 
changeable binding is detected and measured by the 
use of Ca*5. This hypothesis, if correct, would make 
possible an approach to the next question, namely, 
what constituents of the tissue bind the calcium ions 
which decrease cell wall plasticity? Evidently the 
material which binds calcium ions need not be directly 
dependent on the metabolic activity or structure of 
the cell since it has been found in the course of the 
present work that dead coleoptile tissue, killed by 5 
hours incubation under argon (5), possesses 80 to 90 
percent of the calcium exchange capacity of living tis- 
sue. That it may be the cell wall itself which con- 
tains the cationic binding groups under consideration 
is suggested by the fact that pectic materials which 
are major components of the Avena coleoptile cell 
wall possess the power of exchangeably binding ca- 
tions. These facts suggest a picture of the coleoptile 
cell wall as made up of a network of pectic chains 





cross linked at intervals by ionic bonds in which cal- 
cium ions bind carboxylate ions of adjacent chains. 
This cross linked structure would correspond to the 
more rigid and less plastic state of coleoptiles equili- 
brated with calcium ions. Replacement of calcium 
ions by potassium ions would weaken such ionic inter- 
action between pectic chains and yield the more plas- 
tic coleoptile characteristic of potassium equilibrated 
tissue. The cell wall of the coleoptile contains cellu- 
lose and other constituents in addition to pectic mate- 
rials. These materials may well play their own roles 
in the growth process. That the pectic materials are 
of particular importance in the response of the wall 
properties to calcium and potassium ions is however 
suggested also by the parallel between the ionic effects 
on cell wall properties and effects of the same ions on 
pectic materials in vitro. Thus, solutions of pectic or 
pectinic acids become so extensively cross linked upon 
the addition of calcium that the solution sets to a gel. 
Potassium ions are without this effect since solutions 
of potassium pectate or pectinate remain in the sol 
form. It is of interest to note that appropriate ex- 
periments done during the course of the present work 
have shown that the calcium ions of Ca*® pectate gels 
are readily exchanged for potassium ions. 


SUMMARY 


1. This investigation concerns changes in mechani- 
cal deformability of Avena coleoptile tissues under 
the influences of Ca and K ions and in the presence or 
absence of auxin (IAA). Deformability under ap- 
plied load in a coleoptile bending machine has been 
used to measure the elastic and plastic properties of 
coleoptile cell walls. 

2. When coleoptiles are pretreated in Ca or Mg so- 
lution, both elasticity and plasticity of the tissue is 
decreased strikingly. The divalent cations act-to make 
the cell wall firmer. K ions, on the other hand, act 
in such a way as to make the coleoptile softer and 
more elastic. 

3. IAA pretreatment increases the deformability of 
the coleoptile cell wall, primarily by increasing plas- 
ticity. The addition of K ions to the IAA solution 
augments the softening and plasticizing effects of IAA 
on the cell wall. Ca ions repress the plasticizing ef- 
fect of IAA on the cell wall. 

4. When Ca treated coleoptiles are transferred to 
K solution, or vice versa, the mechanical properties of 
the cell wall gradually become those appropriate to 
the new solution. The ions which exert the cell wall 
effects appear to be exchangeable with other external 
ions, and are not readily lost to water. 

5. The kinetics of the exchangeable binding and 
release of labeled Ca by Avena coleoptiles are similar 
to the kinetics of the effect of calcium on the proper- 
ties of the cell wall. It is possible that the ions bound 
exchangeably to the cell wall are those which affect its 
physical properties. 

6. It is known that the physical properties of pec- 
tic materials are influenced by calcium and potassium 










ions in much the same manner as are the physical 
properties of the cell wall itself. This suggests that 
pectic materials of the coleoptile cell wall may be of 
importance in determining the mechanical deform- 
ability of the structure. 
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EFFECT OF GALACTOSE ON GROWTH AND METABOLISM 
OF AVENA COLEOPTILE SECTIONS?” 


LAWRENCE ORDIN anp JAMES BONNER 


KercKHOFF LABORATORIES OF BroLocy, CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIFORNIA 


During the course of investigation of the effect of 
various osmotically active solutes on Avena coleoptile 
section growth, it was found that galactose is more in- 
hibitory to such growth than are other solutes in gen- 
eral. Mannitol for example is essentially without ef- 
fect on section growth in concentrations up to 0.02 M, 
but galactose is highly inhibitory at this concentra- 
tion. The inhibition caused by galactose is thus not 
due to the osmotic properties of the substance. Ear- 
lier Burstrém (2) found galactose to inhibit the 
growth of wheat roots. He indicated indirectly that 
galactose is respired but not apparently used syn- 
thetically, ie., not assimilated into structural com- 
ponents. Thimann (11) also found that galactose 
inhibits growth of pea stem sections but he supposed 
galactose to be metabolically inert. 

The galactose-induced growth inhibition of Avena 
sections has now been further investigated. The ques- 
tion is posed; is the inhibition exerted on energy pro- 
ducing enzymatic steps of respiration or is it exerted 
through an interference with cell wall metabolism, 
such as the production of cell wall components. The 
latter possibility is of inherent interest in connection 
with studies of auxin action since it has been shown 
that the primary act of auxin in cell elongation is 
upon the cell wall (3). Auxin increases rate of meth- 
ylation of a cell wall fraction which possesses the 
properties classically ascribed to pectin (7). 

The data presented here suggest that galactose 
inhibits cell elongation primarily by interfering with 
the synthesis of a cell wall fraction having the solu- 
bility properties of cellulose rather than by inhibiting 


1 Received December 8, 1956. 

2 Report of work supported in part by the Herman 
Frasch Foundation and in part by the National Science 
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respiration. The cellulose fraction of the cell wall is, 
however, as shown earlier (7), not influenced directly 
by auxin. 


METHODS 


The material used in this investigation consisted 
of 5-mm sections cut 3 mm below the apex of Avena 
(var. Siegeshafer) coleoptiles. The Avena seedlings 
were grown as described earlier (6). All solutions 
were made up with redistilled water. Primary leaves 
were removed except in cases where elongation was 
measured. 

Respiration measurements were made in the stand- 
ard Warburg apparatus by following oxygen uptake. 
These measurements were made over a three-hour 
period. 

Cell wall metabolism was studied by incubating 
sections in galactose-1-C14 or uniformly labeled glu- 
cose-C!4 and by analyzing the cell walls as described 
by “Ordin, Cleland and Bonner (7). 

Aliquots of the hot water (pectin), hot acid (pro- 
topectin) and hot oxalate (pectate) extracts were 
plated on copper planchets. The alkali soluble frac- 
tions (hemicellulose and non-cellulosic polysaccha- 
rides) were neutralized with 0.5 N and 9 N H,SO, be- 
fore plating. The planchets were counted with a mi- 
cromil window counting tube using Q gas. The final 
residues (cellulose) were counted with a thin-window 
GM tube. All counts are corrected to infinite thin- 
ness. The counts incorporated are expressed on a 
10-mg cell wall basis. 

The amount of radioactive substrate taken up by 
the tissue varied somewhat from experiment to ex- 
periment. Therefore a calibration experiment was 
done in which the extent of incorporation into each 
tissue component was determined as a function of 
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amount of labeled substrate supplied and taken up. 
The calibration curves so obtained have been used to 
convert all of the data to incorporation per unit ab- 
sorption of substrate. The data are expressed as 
counts per minute incorporated per 80,000 cpm of 
substrate absorbed. 

The variability of Avena coleoptile section growth 
rates under the present conditions has been consid- 
ered by Cleland and Bonner (3). In general growth 
increment differences greater than 0.06 mm are sig- 
nificant at the 5% level. Variability in the meas- 
ured incorporation of metabolite into tissue fraction 
is greater and differences in such incorporation of less 
than 10% are not considered in this paper as mean- 
ingful. Each experiment here reported has been re- 
peated many times. 

The galactose-1-C1!* was a gift from the National 
Bureau of Standards and the glucose-C!* was pur- 
chased from the California Foundation for Biochemi- 
cal Research. Incubation of homogenized tissue with 
the radioactive substrates, followed by extraction +nd 
analysis indicated very little contamination of cell 
wall fractions by adsorption or occlusion of substrate. 


RESULTS 


Figure 1 gives the results of an experiment which 
examines the effect of galactose on section elongation. 
Sections were placed in either 0.01M galactose or 
0.01 M mannitol. Potassium free indoleacetic acid 
(IAA) was added at the point in time indicated by 
the arrow. It may be seen that there is a marked 
effect of galactose on auxin-induced growth. If the 
galactose concentration is increased to 0.09 M in the 
presence of IAA, sections elongate only 0.09 mm in 
20 hours whereas in a control solution of 0.09 M man- 
nitol, elongation is 0.94 mm. 

The effect of these two concentrations of galactose 
on respiration was investigated in order to determine 
if galactose blocks the normal respiration of glucose. 
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mannitol on the elongation of Avena coleoptile sections 
as a function of time in the presence of IAA. Five mg/] 
K-free IAA added at arrow, no buffer, final pH 6.1. 


TABLE | 


EFFect OF GALACTOSE AND OF MANNITOL SOLUTIONS ON 
OxyGceN UPTAKE oF AvENA COLEOPTILE SECTIONS 











-IAA 





SoLuTIONS Conc +IAA 
M ul/20 sections x hr 
Mannitol 0.09 13.0 21.0 
Galactose 0.09 75 7.5 
Mannitol 0.01 15.5 22.0 
Galactose 0.01 24.0 27.0 





Basal medium contains 5 mg/| K-free IAA, no buffer, 
initial pH 5.0 to 53. 





Table I shows that 0.01 M galactose has no inhibiting 
effect on basal respiration but that 0.09 M galactose 
does inhibit respiration somewhat. The auxin in- 
duced increment in respiration is, however, almost 
eliminated by the lower concentration of galactose. 
This might be expected since the auxin induced res- 
piratory increment accompanies elongation rather 
than the presence of auxin alone (cf Ordin, Apple- 
white and Bonner (6)). 

The higher galactose concentration apparently in- 
terferes with respiration. That this might occur at 
the hexokinase stage is indicated by Hele (4) who has 
shown that phosphorylation of sugar mixtures by 
ATP in the presence of hexokinase yield lower rates 
than are obtained in the presence of single acceptors. 
Galactose in particular was found to be phosphory- 
lated by intestinal mucosa at a slower rate than glu- 
cose. A mixture of the two sugars was phosphory- 
lated more slowly than either alone. 

The basis of this behavior is unknown but might 
account for the inhibition of respiration evident in 
table I at the higher galactose concentration. At the 
lower concentration however such inhibition does not 
appear to be a factor of importance. 

A further test of the hypothesis that respiratory 
inhibition by galactose is not of primary importance 


TABLE II 


Errect oF VARIOUS TREATMENTS ON ELONGATION OF 
GALACTOSE-PRETREATED AVENA COLEOPTILE 
SECTIONS 





TREATMENT ELONGATION, MM * 








0.08 M Glycol 0.26 


0.08 M Mannitol 0.14 
0.08 M Sucrose 0.54 
0.08 M Glucose 0.52 
0.045 M Tartrate 0.12 
0.045 M HePO, 0.27 
0.045 M Malate 0.12 
0.045 M Fumarate 0.26 
0.045 M Citrate 0.17 
0.045 M Succinate 0.28 


Pretreatment: iaitaiinn a 5 hrs in 0.01 M galac- 
tose, 0.0025 M potassium maleate, 3.5 mg/l IAA, pH 45. 

Treatment: Incubation for 15 hrs in 0.01 M galactose 
and potassium salts or carbohydrate with maleate buffer, 
3.5 mg/l] IAA, pH 4.5. 

* Elongation after 15 hrs. 
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TABLE III 


CO. Respirep By AVENA CoLeopTiLe Sections INCUBATED 
In GatactTosE-1-C™ or Griucosse-C“ 








SUBSTRATE Cpm/1000 cPM INITIAL SUBSTRATE 


Glucose-C™, 0.004 M 54.1 
Galactose-1-C™, 0.004 M 93 








Initial specific activity: Glucose—182 x 10° cpm/mM, 
galactose—246 x 10° epm/mM. 


in the growth inhibition consisted in investigation of 
the effect of acids of the tricarboxylic acid cycle and 
of certain sugars on growth of galactose inhibited sec- 
tions. Sections were pre-treated for 5 hours with 
0.01 M galactose, 5 mg/] IAA and 0.0025 M potassium 
maleate pH 4.5. This was followed by 15-hour treat- 
ment in IAA, galactose and 0.045 M solutions of the 
acids or 0.08 M solutions of the sugars. The results 
are presented in Table II. Only glucose and sucrose 
had any effect in reducing the inhibition and even 
their effects were relatively small. 

That galactose is indeed respired can be shown 
conclusively by incubating sections in a Warburg ves- 
sel with galactose-1-C1*. The CO, absorbed by the 
center well KOH was precipitated with BaCl, and 
counted as BaC!4O3. Table III compares the amount 
of radioactive CO, respired with galactose-1-C!* or 
glucose-C14 as the substrates. The results are pre- 
sented as cpm per 200 sections per 1000 cpm of initial 
culture solution. Each solution was 0.004 M with re- 
spect to the given sugar. 

If it is assumed that both the galactose and the 
glucose are respired completely, then glucose is re- 
spired 6 times as rapidly as galactose. Under these 
conditions section growth is inhibited about 30 %. 

Seegmiller, Axelrod and McCready (9) and Ordin, 
Cleland and Bonner (7) have shown that glucose gives 
rise to pectic substances in plant tissue. Because 


TABLE IV 


INCORPORATION OF C“ From GALACTOSE-1-C™ or FROM GLU- 
cosE-C™ rnto Cert Watt Fractions or AvENA COLEOPTILE 
SECTIONS IN THE PRESENCE AND ABSENCE oF JAA * 








GALACTOSE GLUCOSE 


CELL WALL FRACTION 


of the structural relationship between galactose and 
the pectic substances, experiments were performe:i to 
study the comparative incorporation of the two railio- 
active substrates into the various cell wall fractions. 

Table IV gives the results of an experiment in 
which sections were incubated in 0.001 M radioactive 
galactose or glucose. For purposes of comparison it 
is assumed that the hexoses enter the cell wall frac- 
tions intact, i.e., without being dissimilated and re- 
organized. This concentration of galactose is non-in- 
hibiting to growth. It may be seen that there is rela- 
tively more activity in the hot water soluble fraction 
(pectin) with galactose as substrate than with glucose, 
but that relatively less activity goes into the residue 
(cellulose) and hot acid soluble fractions (protopec- 
tin) with galactose as substrate. In fact, the differ- 
ences between the two substrates are such that all 
fractions except cellulose and protopectin are more 
radioactive with galactose as substrate than with glu- 
cose as substrate. This is particularly marked for cel- 
lulose. It may be noted that auxin treatment causes 
an increase in the amount of galactose carbon incor- 
porated into cellulose. Although in this particular ex- 
periment auxin does not cause a significant increase in 
cellulose activity with glucose as substrate, other ex- 
periments indicate that when cell wall expansion oc- 
curs, incorporation of glucose-C?* into cellulose is in- 
creased significantly by auxin treatment. This has 
also been shown by Boroughs and Bonner (1). The 
effect of IAA upon the pectin fraction is small both 
for the galactose and glucose cases. The small effects 
have been shown, in the glucose case, to be due en- 
tirely to the effects on a saponifiable substituent, pre- 
sumably methoxyl (8). 

Although the data imply interconversion of galac- 
tose to glucose, at least for the formation of cellulose, 
they also imply that this conversion is slow. That 
cellulose synthesis is essential to continued growth is 
indicated by the work of Wardrop (12) and of O’Kel- 
ley and Carr (5). The possibility may be considered 
therefore that galactose inhibits growth by being not 


TABLE V 


Errect oF 0.004 M GatactTose or 0.004 M Gtucose on 
IncorPorATION OF C** FROM G Lucose-C™ InTO CELL 
Watt Fractions or AvENA COLEOPTILE SECTIONS 











-IAA +IAA- -IAA +IAA 





GLUCOSE 





CELL WALL FRACTION GALACTOSE 





Cpm/10 mg dry cell wall x 80,000 
cpm absorbed by 150 sections 


Hot water soluble 833 938 575 624 


Hot 0.05 N HCl soluble 7,725 8390 13,300 11,050 
Hot 0.5% ammonium 

oxalate soluble 198 271 252 169 
NaOH soluble, 4% 2.210 2,345 2,370 1,560 
NaOH soluble, 17.5 % 688 1,384 295 321 
Residue 578 701 1360 1,375 
Totals 12,232 14,029 18,152 15,099 


Cpm/10 mg dry cell wall x 80,000 
cpm absorbed by 150 sections 


Hot water soluble 453 528 
Hot 0.05 N HCl soluble 2,270 3,040 
Hot 0.5 % ammonium 

oxalate soluble 84 111 
NaOH soluble, 4 % 1,204 968 
NaOH soluble, 17.5 % 352 187 
Residue 194 681 
Totals 4,557 5,515 





* Conc JAA used =3.5 mg/. 
Initial specific activity of culture solutions: Galac- 
tose—142 x 10° cpm/mM, glucose—117 x 10° cpm/mM. 





The culture solutions contained 3.5 x 10° cpm per 3.5 
ml of C-labeled glucose in both cases; incubation for 
3 hrs. 
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only itself a relatively poor substrate for cellulose 
synthesis but also by inhibiting glucose utilization for 
this purpose. An experiment was carried out to de- 
termine the effect of galactose on incorporation of 
glucose-C1* into the cell wall. To unlabeled glucose 
or galactose solutions, each 0.004 M, equal amounts of 
labeled glucose were added. Table V shows that the 
presence of galactose slightly inhibits incorporation of 
glucose carbon into pectic substance and slightly in- 
creases incorporation into the 4 % NaOH soluble frac- 
tion (hemicelluloses) and the 17.5% NaOH soluble 
fractions (non-cellulosic polysaccharides). Most re- 
markable, however, is the fact that incorporation of 
glucose carbon into cellulose is severely inhibited by 
the galactose. This experiment was carried out in 
the absence of IAA to reduce artifacts due to elonga- 
tion. Thus galactose not only is poorly utilized in 
cellulose synthesis itself but also inhibits glucose utili- 
zation in formation of this fraction of the cell wall. 
The inhibition is even greater than the growth inhibi- 
tion under these circumstances. 


DIscuUssION 


In contrast to Burstrém’s finding that galactose is 
not used synthetically, it has been shown above that 
in the Avena coleoptile, galactose carbon is incorpo- 
rated into the cell wall. Galactose is respired, as 
found by Burstrém, but not as rapidly as is glucose. 
Most noticeable is the fact that galactose carbon is 
not incorporated into cellulose as rapidly as is glu- 
cose. In low concentrations of galactose, auxin treat- 
ment causes radioactive galactose carbon to be incor- 
porated more rapidly into cellulose than in the ab- 
sence of auxin. Galactose also inhibits incorporation 
of radioactive glucose into cellulose. These lowered 
rates of incorporation are noticeable even when 
growth inhibition is small or nil. 

Respiration is unaffected by growth inhibiting con- 
centrations of galactose and the Krebs cycle acids are 
completely ineffective in overcoming the growth inhi- 
bition. Respiratory effects are not therefore involved 
in the inhibition of growth. 

The depression of cellulose synthesis caused by ga- 
lactose could be a factor of importance in limiting 
growth, albeit of a secondary nature as far as the 
auxin mechanism of elongation is concerned. War- 
drop (12) has shown that as Avena coleoptiles grow 
the cellulose microfibrils tend to disperse. New mi- 
crofibrils are, however, interpolated over the entire 
surface. This means that new synthesis does occur, a 
conclusion supported by the isotope incorporation 
data presented here as well as that of Boroughs and 
Bonner (1). O’Kelley and Carr (5) have found that 
the density of microfibrils appears unchanged in cot- 
ton fibers as they elongate suggesting that in this case 
synthesis keeps pace with elongation. 

It would be of some interest to trace the route of 
galactose interference in cellulose synthesis more 









closely since this might help to illuminate the mecha- 
nism of cellulose biosynthesis. 


SUMMARY 


Galactose at a concentration of 0.01 M inhibits 
elongation of Avena coleoptile sections quite markedly 
without affecting non-auxin induced respiration. 

In lower concentrations which permit growth, car- 
bon-14 derived from galactose-C!4 is incorporated 
into all cell wall constituents except cellulose and pro- 
topectin as readily as in carbon-14 from glucose-C}*. 
Incorporation of carbon-14 from galactose-C!* into 
cellulose is markedly slower than is incorporation of 
carbon-14 from glucose C4. 

Galactose at 0.004 M has little effect on the incor- 
poration of carbon-14 from glucose into cell wall frac- 
tions other than cellulose. Incorporation of glucose 
carbon into cellulose is strongly repressed by the 
presence of galactose. 

Galactose is respired to carbon dioxide but at a 
lower rate than is glucose. 

It is suggested that galactose specifically inhibits 
cell elongation by interfering with cellulose synthesis. 
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METHYL ESTERIFICATION OF CELL WALL CONSTITUENTS 
UNDER THE INFLUENCE OF AUXIN?? 


LAWRENCE ORDIN, ROBERT CLELAND anno JAMES BONNER 


KercKHorr LABORATORIES OF BroLocy, CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIFORNIA 


It has been shown in an earlier communication 
(11) that auxin increases the amount of incorporation 
of carbon-14 derived from methyl labeled methionine 
into a fraction of the cell wall of Avena coleoptile sec- 
tions which possesses the properties classically asso- 
ciated with pectin. Incorporation into this material 
represents but a small part of the total, the main part 
being into the protopectin fraction. Such incorpora- 
tion is not significantly affected by the presence of 
auxin. The auxin effect on incorporation into the 
pectin fraction persists in solutions which contain 
sufficient mannitol to prevent elongation during the 
course of the experiment. C14 from glucose was also 
found to be incorporated into pectin more rapidly un- 
der the influence of auxin. Bennet-Clark (1) and 
others have also suggested that auxin causes an in- 
crease in the methyl content of pectic substances of 
cell walls of elongating tissue. The hypothesis may 
be formulated that methylation of the carboxyl 
groups of adjacent pectin molecules under the influ- 
ence of auxin may be involved in the splitting of an- 
hydride or calcium bridges which contribute to the 
mechanical properties of the cell wall. 

The present investigation was undertaken to de- 
termine to what extent general metabolic inhibitors 
interfere with the incorporation of methionine methyl 
into the pectin fraction and to answer definitively the 
question of whether methyl carbon incorporation ac- 
companies only net pectin synthesis or whether such 
incorporation occurs at a more rapid rate than net 
synthesis and is therefore to be regarded as methyl 
ester turnover. It will also be shown below that es- 
terification of pectin by methyl derived carbon is an 
auxin controlled reaction. 


MATERIALS AND METHODS 


The material for the experiments described below 
consisted of 5 mm sections cut 3 mm below the tip of 
Avena (var. Siegeshafer) coleoptiles grown in the con- 
ventional manner (10). Primary leaves were re- 
moved from all sections. Incorporation of the carbon 
of methionine or glucose into the cell wall of sections 
was allowed to occur by incubating sections in various 
solutions containing these substrates. One hundred 
fifty sections floating in 3.5 ml of solution were used 
for each treatment of each experiment. Solutions 
were buffered with 0.0025 M potassium maleate, pH 
4.8; indoleacetic acid (IAA) was used at a concentra- 
tion of 5 mg/l where indicated. Aliquots of the me- 


1 Received December 11, 1956. 

2 Report of work supported in part by the Herman 
Frasch Foundation and in part by the National Science 
Foundation. 


dium were counted before and after incubation to de- 
termine the amount of substrate taken up by the 
tissue. 

After incubation for 3 hours at 25°C, sections 
were rinsed, dried on filter paper and ground with 
cold water in a mortar. The ground debris was han- 
dled and analyzed as described earlier (11). The va- 
ried cell wall fractions are separated on the basis of 
their solubilities and do not necessarily represent spe- 
cific chemical entities. The names classically ascribed 
to each fraction will however be used in this paper 
for convenience. 

All planchets were counted on an automatic sam- 
ple changer using a micromil window tube and Q gas. 
All counts are corrected to infinite thinness. 

The counts incorporated are expressed on a 10-mg 
dry cell wall basis. The amount of radioactive sub- 
strate taken up by the tissue varied somewhat from 
experiment to experiment. A calibration experiment 
was therefore done in which the extent of incorpora- 
tion into each tissue component was determined as a 
function of amount of labeled substrate supplied and 
taken up. The calibration curves so obtained have 
been used to convert all of the data to incorporation 
per unit absorption of substrate by 150 sections 
(equivalent to 8 to 9 mg dry weight of cell wall). 
The data are expressed as cpm incorporated per 80,- 
000 cpm absorbed for glucose; per 100,000 cpm ab- 
sorbed for methionine. 

Saponification of the methyl ester groups of the 
pectic fractions was accomplished by treatment with 
0.1 N NaOH or NH,OH at room temperature for one 
hour. No difference in the effectiveness of the two 
treatments was noted. Neither does it appear to be 
of importance whether the alkaline reaction mixture 
is neutralized before being taken to dryness for deter- 
mination of radioactivity. As a check on the speci- 
ficity of the alkaline saponification procedure, samples 
of the present pectin preparations were also demethy- 
lated vy use of a highly purified pectin methy] ester- 
ase preparation. It was found that there is general 
agreement between the two methods so far as amount 
of radioactive material liberated by them in volatile 
form is concerned, although alkali always yielded 
somewhat more. 

Incubation of homogenates with labeled substrate 
followed by analysis indicated little contamination of 
cell wall fractions by adsorption or occlusion of sub- 
strate. 


RESULTS 


The time course of incorporation of saponifiable 
methyl carbon into pectin and protopectin is given in 
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figure 1. Unlike the remaining data this is expressed 
on : 10-mg dry wt basis without corrections for 
amount of substrate absorbed. The data show little 
efiect of IAA upon amount of methionine absorbed. 
This situation is in marked contrast to that reported 
by Reinhold and Powell (14). These authors found 
that IAA increases glycine and glutamic acid absorp- 
tion by sunflower hypocotyl sections by 40 % or more. 
The presence of IAA does however cause an increase 
in rate of incorporation of methionine methyl carbon. 
There is an initial lag in incorporation related per- 
haps to the time required to equilibrate the tissue 
with substrate. The effect of auxin in increasing rate 
of incorporation into pectin ester is however clearly 
apparent within 15 to 30 minutes of the initial lag. 
There is no appreciable effect of [AA upon incorpora- 
tion into protopectin. 

The radioactive pectin extracted from sections in- 
cubated with labeled methionine may be saponified 
for removal of the methyl ester groups. The residue 
from the saponification contains only 20 to 30% of 
the original radioactivity, 70 to 80 % having been lost 
as a volatile material. The pectic acid liberated by 
the saponification may also be precipitated with al- 
cohol as calcium pectate. The calcium pectate thus 
prepared was found to contain about 10 % of the ra- 
dioactivity present in the original pectin fraction. 
This behavior is in contrast to that of pectin pre- 
pared from sections incubated with glucose-C!*. Such 
pectin loses only about 20 % of its radioactivity on 
saponification and about 80% is recoverable in the 
purified caleium pectate. These observations confirm 
those reported earlier (11). 

It was previously reported that auxin exerts an 
effect in increasing rate of methyl carbon incorpora- 
tion into pectin even in sections prevented from elon- 
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Fic. 2A (left). Effect of external osmotic concentra- 
tion on absorption by Avena coleoptile sections of car- 
bon-14 derived from methyl-C“-methionine in presence 
and absence of IAA. Conditions same as those of figure 
1 except for addition of mannitol. 

Fic. 2B (right). Effect of external osmotic concen- 
tration on incorporation into esters of cell wall pectic 
substances of carbon-14 derived from methyl-C*-methio- 
nine in presence and absence of IAA. Conditions same 
as in figure 2 A. 


gating by incubation in 0.3 M mannitol solution. The 
data of figure 2 concern the rate of methyl carbon 
incorporation into pectin over the range of external 
Osmotic concentration from very dilute buffer to just 
above incipient plasmolysis. It may be seen that in- 
creasing external osmotic pressure results in reduced 
incorporation into pectin esters over a 3-hour incuba- 
tion. The absorption of methionine is not depressed 
by the increasing osmotic pressure. The effect of 
auxin on incorporation into pectin ester decreases 
slightly (percentagewise remains constant) as manni- 
tol concentration increases, suggesting that a small 
part of the auxin induced incorporation may be an 
artifact of elongation. However, as Ordin, Apple- 
white and Bonner (10) have shown, elongation under 
these circumstances drops much more rapidly with 
increasing external concentration. 

Although in the particular experiment of figure 2 
the incorporation into protopectin ester is slightly less 
in the presence of auxin than in its absence, the data 
of figure 1 and of numerous other experiments indi- 
cate that there is no significant difference between 
the treatments. 

It is clear that there is a substantial rate of methyl 
carbon incorporation into pectin in the absence of 
added IAA and that IAA merely increases this basal 
rate. The following experiment was done to find out 
to what extent the basal rate might be due to en- 
dogenous auxin. For this purpose sections were incu- 
bated with the antiauxin 2,4,6-trichlorophenoxyacetic 
acid (2,4,6-T) in the presence of C14-labeled methio- 
nine. The data of figure 3 show that absorption of 
methionine was decreased by the higher 2,4,6-T con- 
centrations. The incorporation of methyl carbon into 
protopectin ester was decreased even more. Incor- 
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MOLAR CONCENTRATION OF 2,4,6-T 


Fic. 3. Effect of various concentrations of 2,4,6-T on 
absorption by Avena coleoptile sections and incorpora- 
tion into esters of cell wall pectic substances of car- 
bon-14 derived from methyl-C-methionine. Conditions 
same as those of figure 1 except for absence of IAA. 


poration into pectin ester however was essentially un- 
affected by 2,4,6-T: The antiauxin has then no effect 
on basal rate of incorporation into pectin. The basal 
rate is apparently not auxin controlled and in this is 
similar to the endogenous (no added IAA) rate of 
section elongation which is also not inhibited by 
2,4,6-T. 

It has been shown by Bonner (2, 3), Hackett and 
Thimann (6, 7) and others that 2,4-dinitrophenol 
(DNP) and anaerobic conditions inhibit auxin-induced 
cell elongation. These inhibitors also inhibit both the 
continuing and the auxin-induced increase in methyl 
carbon incorporation into pectin. The data of table I 
concern the effects of 2.5x 10° M DNP or of argon 
on incorporation of methyl carbon into pectin and 
protopectin esters. The sections were pretreated with 
the inhibitors for one hour, after which time radio- 
active methionine was added and incubation continued 
for an additional 3 hours. The argon was supplied 
as described by Ordin, Applewhite, and Bonner (11). 
Table I shows that DNP reduces incorporation (cor- 
rected to equal methionine absorption) by over 90 % 


TABLE I 


INCORPORATION OF C“ rroM MetHyt-C™-METHIONINE 
INTO Esters oF Pectic SuBSTANCES OF AVENA 
CoreopTireE Cert WALL * 








Con TROL DNP ** ARGON 7 


-IAA +IAA -IAA +IAA -IAA +TAA 


CELL WALL 
FRACTION 








Cpm/10 mg dry cell wall x 10,0000 cpm 
absorbed by 150 sections 


Pectin 2020 3470 249 225 206 215 
Protopectin 6250 8550 535 493 107 138 





* Incubation, 3 hrs; methionine, 0.00036 M. 
** Conc, 2.5x 105 M. 
+ Bubbled 1 hr before and during incubation. 
Average initial specific activity of culture solutions: 
300 x 10° cpm/mM. 
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TABLE II 


INCORPORATION OF C“ FROM UNIFORMLY LABELED 
Gtucose-C“ Into Pectic SUBSTANCES OF 
AVENA CoLeopTiLe CELL WALL * 





CELL WALL FRACTION +IAA 
Cpm/10 mg dry cell wall x 80,000 cpm 
absorbed by 150 sections 





Pectin 575 624 
Protopectin 13,300 11,050 
Pectin ester 114 181 
Pectin non-ester 457 436 


* Incubation, 3 hrs; glucose, 0.001 M. 
Initial specific activity of culture solution: 117 x 10° 
cpm/mM. 


and completely erases the auxin-induced increase. Ar- 
gon treatment represses incorporation into pectin es- 
ter as much as does DNP but inhibits incorporation 
into protopectin ester to an even greater extent. In 
fact, in the argon treated sections, contrary to the 
usual situation, there is less incorporation into the 
protopectin ester than into the pectin ester. The ab- 
sorption of methionine is inhibited by about 70 % by 
the DNP treatment and by about 60% by argon 
treatment. 

Earlier experiments (5, 11) have shown that the 
carbon of glucose-C!* is incorporated into cell wall 
constituents in the Avena coleoptile and that this in- 
corporation is influenced by auxin. The data of table 
II show that glucose carbon is incorporated both into 
the saponifiable (ester) group of pectin and into the 
non-saponifiable residue, presumably into the poly- 
uronide residues. That glucose can give rise to active 
one carbon units is known (15). The data of table II 
show in addition that the increased incorporation of 
glucose carbon into pectin in the presence of auxin, 
is due completely to the effect on incorporation into 
ester. 


DIscussION 


It is known that certain polyvalent cations, par- 
ticularly calcium, inhibit both endogenous (no added 
IAA) and JAA-induced growth. Bennet-Clark (1) 
has found in addition that chelating agents which se- 
quester such ions inerease endogenous elongation of 
Avena coleoptile sections. The suggestion may be 
made therefore that methyl esterification may be the 
method by which polyvalent cation bridges between 
adjacent carboxyl groups of cell wall pectin are broken 
under the influence of auxin giving rise to increased 
cell wall plasticity. Calcium bridges between pectin 
chains are undoubtedly those of greatest importance 
but there is a possibility that pectin may be cross 
linked and that auxin may split anhydride bridges, 
these bridges being of the nature suggested by Ker- 
tesz (8). The exact compounds or enzymes to which 
IAA attaches itself to split such bonds are unknown. 
The bond splitting may either require methyl esteri- 
fication as a primary part of the reaction or may re- 
quire it to stabilize the split once made. 
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It seems clear that in the Avena coleoptile, bond 
splitting between pectin chains occurs as the result of 
methyl esterification with methionine as a methyl 
donor. Nance (9), on the other hand, has shown that 
IAA accelerates incorporation of acetate-1-C14 into 
the pectic substances of the pea stem and that part 
of this increase is due to incorporation of acetyl 
groups. Although acetyl groups may be involved in 
the cell wall metabolism of the coleoptile, their role 
has yet to be assessed. 

It has been shown that a steady rate of methyl 
esterification is maintained in the coleoptile in the 
absence of auxin even when no elongation is taking 
place. Some synthesis of cell wall constituents is also 
maintained in the absence of added auxin. This can 
be detected by use of labeled glucose and such syn- 
thesis also occurs in the absence of elongation. The 
non-auxin induced esterification appears to accom- 
pany such synthesis. This basal esterification rate de- 
clines as external osmotic pressure is increased but 
the auxin induced increment in rate remains almost 
constant in absolute terms up to external osmotic con- 
centrations near incipient plasmolysis. At osmotic 
concentrations higher than this the auxin effect dis- 
appears. 

The small increase in rate of pectin synthesis un- 
der the influence of IAA which is indicated by the use 
of glucose-C!* as substrate is due to an effect of the 
auxin on a saponifiable fraction. It may be con- 
cluded that, in short term periods at least, auxin 
exerts little effect on net synthesis of pectin and that 
the effect of auxin on pectin esterification is the more 
important reaction. When sections elongate in opti- 
mal osmotic concentration the presence of auxin in- 
duces an increase in cellulose synthesis as has been 
shown by Boroughs and Bonner (5) with sucrose as 
substrate and by Ordin and Bonner (12) with galac- 
tose as substrate. 

Perlis (13) also found that in elongating pea stems 
IAA enhances incorporation of acetate carbon into 
cellulose, protopectins and hemicellulose. 

The antiauxin, 2,4,6-T, in the absence of IAA, and 
in the antiauxin concentration range, causes a slight 
depression of absorption of methionine and also causes 
a marked inhibition of incorporation of radioactivity 
into protopectin ester but does not inhibit incorpora- 
tion into pectin ester. The cause of this inhibition is 
not known but it apparently has little to do with the 
endogenous elongation which may occur under these 
circumstances and which is not sensitive to antiauxin. 

Anaerobic conditions and DNP both decrease in- 
corporation as would be expected of an auxin sensitive 
reaction. As would be expected, these conditions in- 
hibit absorption of the substrate, but when the data 
are calculated on the basis of amount absorbed, it be- 
comes apparent that both auxin and non-auxin con- 
trolled incorporation of methionine methyl carbon are 
much more sensitive to metabolic conditions than is 
methionine absorption. 

A question that remains unanswered is whether 
the increase in esterification mediated by auxin ac- 





companies a conversion of protopectin to pectin which 
thereby loosens the cell wall, or whether the pectin 
fraction itself becomes less rigid, the protopectin re- 
maining unaffected. That pectin ester may possibly 
be a precursor of protopectin ester in the synthetic 
process (with no direct relation to the auxin mecha- 
nism) is suggested by progress curves of incorpora- 
tion. Pectin is as highly labeled as in protopectin in 
the early periods. Only over longer times does proto- 
pectin become the more labeled. Since protopectin 
constitutes most of the cold water insoluble pectic sub- 
stance of the cell wall, it may behave as a sink for 
pectin. When glucose is used as the substrate a simi- 
lar relation between pectin and protopectin is appar- 
ent over short time periods. Thus conversion of small 
pectic units to larger ones appears to be possible. Al- 
ternatively, it is possible that pectin is first labeled 
and that protopectin is labeled later merely because 
of differential reaction rates. 

Efforts to demonstrate a direct conversion of pectin 
to propectin have yielded negative results. As in- 
dicated by Ordin, Cleland and Bonner (11) the pres- 
ence of auxin slows loss of radioactive ester from 
pectin which has been previously ester labeled, but 
causes no significant change in protopectin. It is 
therefore virtually impossible to demonstrate a con- 
version of pectin to protopectin in vivo, if this does 
indeed occur. The retardation of loss of radioactive 
label from pectin caused by IAA is not in agreement 
with the findings of Bryan and Newcomb (4) who 
showed that IAA causes pectin methylesterase (PME) 
activity to increase in cultured tobacco pith before 
and during the cell enlargement phase. The action of 
PME should liberate carboxyl groups which would 
then be available for esterification by radioactive 
methionine. The present findings do not suggest that 
PME activity is increased by auxin in the Avena 
coleoptile. 


SUMMARY 


IAA treatment of Avena coleoptile sections causes 
the methyl carbon of C14-labeled methyl methionine 
to be incorporated into the pectin ester of the cell 
wall more rapidly than is the case in the absence of 
IAA. The effect is detectable within 30 to 60 minutes. 
IAA has no apparent effect on incorporation of methyl 
carbon into protopectin ester. 

As the osmotic pressure external to the sections is 
increased, incorporation of methionine methyl into 
pectic esters decreases. The auxin induced increase in 
incorporation into pectin ester is however essentially 
unaffected up to external mannitol concentrations of 
0.3 M. 

The antiauxin 2,4,6-T, given in the absence of 
added auxin, has no effect on methyl carbon incor- 
poration into pectin ester but depressed incorporation 
into protopectin ester. Incorporation of methyl car- 
bon into pectin apparently possesses a basal rate 
which is not auxin controlled. 

2,4-DNP and argon treatment both inhibit incor- 
poration of methyl carbon into all cell wall fractions. 
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This inhibition is apparent even when corrections are 
made for effects on the amount of substrate absorbed. 

The increased incorporation of glucose-C!* into 
pectin caused by auxin can be shown to be princi- 
pally due to incorporation into saponifiable substitu- 
ents, presumably methyl ester groups. 

It is concluded that the data support the hypothe- 
sis that esterification of carboxyl groups of pectin is 
involved in the auxin mechanism of cell expansion. 


The authors are indebted to Dr. Eugene Jansen, 
Western Regional Laboratory, U. 8S. Department of 
Agriculture, Albany, California for the gift of a highly 
purified pectin methyl esterase preparation. 
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THE FORMATION OF STARCH AND THE BEHAVIOR OF ISOCITRIC ACID 
IN EXCISED LEAVES OF BRYOPHYLLUM CALYCINUM 
CULTURED IN DARKNESS! 


HUBERT BRADFORD VICKERY 
DEPARTMENT OF BIOCHEMISTRY, THE CONNECTICUT AGRICULTURAL EXPERIMENT STATION, 
New Haven, CONNECTICUT 


In an experiment carried out in 1949 (1), confir- 
mation was obtained of an earlier observation of the 
late Dr. G. W. Pucher that the starch content of 
leaves of Bryophyllum calycinum excised at daybreak 
may undergo a moderate increase during prolonged 
culture in water in darkness. It was noted at the 
same time that the isocitric acid content of the leaves 
decreased during the first 24 hours of the treatment 
by about 30 % of the amount initially present. This 
last observation has since been found to be unique. 
Isocitrie acid is notably stable under most of the con- 
ditions, including long periods of culture in darkness, 
to which Bryophyllum leaves have been exposed in a 
variety of studies of the behavior of this substance. 
Only when the leaves are cultured in water for many 
hours under continuous illumination is there any in- 


1 Received January 22, 1957. 


dication that isocitrie acid becomes involved in the 
metabolic reactions. In a recent experiment (2), for 
example, about 9 % of the isocitric acid disappeared 
after the leaves had been held for 74 hours under ar- 
tificial lights. The rate of the reaction was notably 
sluggish and the total effect was small. Accordingly, 
it seemed essential to reexamine the behavior of starch 
and of isocitric acid under the conditions that were 
employed in the previous experiment. 

In the early work of Dr. Pucher, the leaves had 
been supported in wire baskets in complete darkness 
in a sterilized metal cabinet where they were sub- 
jected to a continuous fine spray of water at 23°C. 
The surfaces of the leaves were thus continuously 
washed with water, the object being to minimize the 
possibility of contamination with microorganisms the 
growth of which might confuse the experimental re- 
sults. Under these circumstances. the initiation of 
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rootlets at the indentations of the margins of the 
leaves was strikingly promoted, a point of some in- 
terest at that time. The possibility was overlooked, 
however, that the continuous fine spray of water 
might have washed most or perhaps all of the carbon 
dioxide out of the air of the cabinet and thus have 
interfered with the uptake of organic solids which is 
usually seen when Bryophyllum leaves are cultured 
in open troughs in a dark room the air of which is at 
about 50 % relative humidity. In the present experi- 
ment, therefore, two groups of identical samples were 
cultured in darkness, one in the metal cabinet under a 
spray of water at 24° C, the other in troughs in a dark 
room at 24° C and 50 % relative humidity. 


EXPERIMENTAL PROCEDURE 


The ten samples of leaflets were collected by the 
statistical method (3) starting at 5: 00 A.M. (sunrise 
5:21 A.M.) June 2, 1954, the top 3 pairs of fully ex- 
panded pentafoliate leaves from 20 plants being used. 
The samples consisted of 60 leaflets, all plants and 
leaflet positions being equally represented in each. 
The initial control sample was placed in the drying 
oven at 6: 00 A.M. which was taken as the zero hour 
of the experiment, 4 samples were arranged in wire 
baskets with the petiole end down and placed in the 
cabinet under the water spray, and 5 samples were 
arranged with the petiole end immersed in water in 
the troughs in the dark room. All samples were in 
position by 6: 10 A.M. Single samples were removed 
from each set at the time intervals shown in table I, 
wiped dry and weighed, and then dried at 80° C for 
analysis. All had increased in fresh weight by from 
3 to 6% of their initial weight. The dried samples 


TABLE I 


FUNDAMENTAL DaTA ON SAMPLES OF BRYOPHYLLUM 
CALYCINUM LEAVES COLLECTED BY THE 
StatTisticAL METHOD 





INITIAL 
SAMPLE CULTURE FRESH WT TotTaL PROTEIN 
NO. PERIOD PER N N 
SAMPLE 


gm gm/kgm initial fresh wt 


239.87 2.18 1.77 12.52 
239.94 2.19 1.78 12.62 
242.73 2.20 1.79 12.38 
246.50 2.21 12.48 
241.77 2.21 12.54 


237.51 2.26 12.87 
241.50 2.14 12.61 
239.85 2.24 12.77 
236.20 2.22 12.88 
240.59 2.23 12.78 


240.65 2.21 12.65 
+283 +0.03 + 0.17 
Lig 1.5 1.4 


CV. (%)# 





* Samples cultured in the spray cabinet. 

** Samples cultured in troughs. a ‘ 

+ S.D. = Standard deviation. C.V.= Coefficient of vari- 
ation. 
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were equilibrated at 24°C and 50% relative humid- 
ity in open wide-mouth bottles which were then closed 
and stored under the same conditions until the chem- 
ical analyses could be performed. The data for initial 
fresh weight, total and protein nitrogen and ash in 
table I show that the sampling error was acceptably 
small and that it could be assumed that the individual 
samples were essentially identical in chemical compo- 
sition at the time of collection. Differences between 
the control sample which was dried at the start and 
the samples subjected to treatment can therefore be 
interpreted as quantitative effects of the treatment. 
The analytical methods employed have been described 
in recent publications (4, 5) with the exception of 
that for isocitric acid; this was determined by the 
highly specific enzymatic method of Grafflin and 
Ochoa (6). The enzyme preparation used is obtained 
by extracting an acetone powder of pig heart muscle 
with 10 parts by weight of 0.1 M phosphate buffer at 
pH 7.0. The extract is dialyzed against tap water 
for 16 hours (aconitase activity disappears) and is 
centrifuged and stored in the frozen state. It remains 
useful for many months. The analyses are carried out 
on the pooled titrated fractions from the Dowex 1 
analytical column in which citric and isocitrie acids 
are present. An aliquot is warmed with an excess of 
alkali to saponify any isocitric lactone which may 
have been formed during the preceding treatment, an 
essential precaution since the lactone does not react, 
and neutralized. At zero time suitable samples are 
added to cuvettes that contain an excess of triphos- 
phopyridine nucleotide, manganous chloride and en- 
zyme in buffer at pH 7.5. The maximal change in 
absorptivity at 340 my observed in the Beckman 
spectrophotometer after about 30 seconds and cor- 
rected by suitable blanks furnishes a measure of the 
amount of reduced triphosphopyridine nucleotide 
formed. This is equivalent to the amount of d-iso- 
citric acid present. 


EXPERIMENTAL RESULTS 


The results of the determinations of starch are plot- 
ted in the upper part of figure 1. The leaves at the 
start contained 6.4 gm per kilo but, after culture for 
6 hours in the spray cabinet, the starch had dimin- 
ished to 4.7 gm per kilo. Subsequently it slowly in- 
creased so that after 30 hours 7.6 gm were present. 
Starch diminished in the leaves cultured in the troughs 
in exactly the same way, but the recovery was appar- 
ently slower and the final value after 35 hours was 
only 6.7 gm. It is important to consider what is 
meant by the term “starch” in this connection. The 
data record the behavior of a component of the leaves 
that is extracted from the finely ground tissue by per- 
chlorie acid and precipitated as a blue complex com- 
pound by iodine. The iodine complex is decomposed 
by an alcoholic solution of alkali, the insoluble white 
material obtained is isolated, hydrolyzed by 0.7 N hy- 
drochloric acid and the glucose produced is titrated 
with a sugar reagent. This procedure constitutes an 
operational chemical definition of starch and includes 








222 PLANT PHYSIOLOGY 





NWAU DAY 





GM. PER KG. 


--- 38, 


_ — 
a re <<" ——= 





N 

wn 

ojo- 
a 


200 + ‘.  ISOCITRIC ACID 4 


"—-—-1g-—-—-0 





200 


150 


100 





SO 


M.EQ. PER KG. 











HOURS 


Fic. 1. Behavior of starch and of organic acids in 
excised leaves of Bryophyllum calycinum cultured in 
darkness under a continuous spray of water at 24°C 
(open circles, solid line) and in troughs in a room at 
24° C and 50% relative humidity (filled circles, broken 
line). Data from a previous experiment in the spray 
cabinet (1) are plotted as half-filled circles connected by 
dash and dot line. 


both amylopectin and amylose (7); no other well- 
known complex carbohydrate behaves in exactly this 
way. 

The general behavior of the starch in the present 
experiment was almost precisely the same as that in 
the earlier one as is evident from the curve plotted 
for comparison (half-filled circles). The chief differ- 
ence is that the starch content of the previous set of 
samples was initially lower being only 3.7 gm per kilo 
at the start; during the first 7 hours it diminished to 
0.9 gm and then rose to 3.1 gm after 26 hours, sub- 
sequently remaining with minor fluctuations at a mean 
level of 3.2 gm for 175 hours. The earlier results as 
well as those of Dr. Pucher are thus amply confirmed. 

Malic acid increased slightly for 6 hours in the 
leaves cultured in the troughs and then slowly de- 
creased for the remainder of the culture period. After 
6 hours in the spray cabinet, malic acid was at the 
same level as at the start but it then decreased in the 


same way as in the other group of samples. The be- 
havior duplicated that observed in the earlier experi- 
ment remarkably closely (data plotted as half-fijled 
circles), the rate of loss of malic acid being 6.7 meq 
per hour as compared with a rate of loss in that ex- 
periment of 6.9 meq per hour, these rates being calcu- 
lated for the period of 24 hours in the one case and 
for 27 hours in the other from the point at which the 
loss began. 

That there should have been a delay of 6 hours 
with the present set of samples before the reactions 
which bring about a loss of malic acid prevailed over 
those which lead to its formation could have been an- 
ticipated. Many previous observations have shown 
that malic acid increases in Bryophyllum leaves in 
darkness for a period of time that is moderately con- 
stant. When the leaves are first deprived of light, this 
acid increases for from 12 to 16 hours and then begins 
to diminish (2, 8). The present leaves were excised 
in dim light at sunrise after a night approximately 9 
hours long and were then cultured in complete dark- 
ness. Malic acid remained constant or increased 
slightly for an additional 6 hours before diminishing. 
The period of time during which the synthetic reac- 
tions were in the ascendant was thus little if at all 
influenced by the act of excision of the leaves. 

As is evident from the curves plotted in the mid- 
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Bryophyllum calycinum leaves cultured under the con- 
ditions given in the legend of figure 1 and plotted with 
the same symbols. Lower part: regression of malic acid 
upon starch in the same leaves for the observations be- 
tween 6 and 35 hrs inclusive. Initial control sample 
shown as double circle, other symbols as in figure 1. 
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VICKERY—STARCH AND ISOCITRIC ACID IN BRYOPHYLLUM 


dle portion of figure 1, the behavior of isocitrie acid 
in the present experiment was entirely different from 
that observed previously. Although the observation 
at 30 hours for the samples cultured in the troughs 
appears to suggest a slight increase, the data as a 
whole (10 observations) have a mean value of 239.8 
+ 7.1 meq per kilo, the coefficient of variation being 
29%. Inasmuch as this variation includes both the 
sampling error and the analytical error, either of 
which may be as much as 2%, it is clear that there 
is no evidence that a significant change in the quan- 
tity of isocitric acid occurred during the treatment of 
the leaves in the present experiment. 

Citric acid increased continuously throughout the 
period of culture at nearly the same rate as it had in 
the previous experiment (data plotted as half-filled 
circles). The increase was slightly greater in the 
leaves cultured in the troughs than in those in the 
spray cabinet, but the general behavior was similar to 
that observed in many previous experiments. 

The behavior of the organic solids of the leaves is 
shown in the upper part of figure 2. There was a 
small but significant increase in the leaves cultured 
in the troughs, an observation in conformity with the 
results of several previous experiments (2, 8, 10) car- 
ried out under similar conditions. Subsequently the 
organic solids slowly diminished owing to the effects 
of respiration. The leaves in the spray cabinet, how- 
ever, did not increase in organic solids. The loss in 
the first 6 hours was small, but subsequently pro- 
ceeded at about the same rate as in the other group 
of samples. It seems obvious that the conditions 
which obtained in the spray cabinet were such as to 
deprive the leaves of an exogenous source of carbon 
dioxide. 


DISCUSSION 


The difference between the present observation of 
the constancy of the isocitric acid content of Bryo- 
phyllum leaves exposed to culture in darkness under a 
continuous spray of water and the result of the ear- 
lier experiment in which a prompt decrease occurred 
in leaves cultured under the same conditions raises an 
important question with respect to the position of this 
substance in the general metabolic scheme. The quan- 
tity of isocitric acid present changes little if at all dur- 
ing the normal diurnal variation in acidity of the 
leaves of this species (9, 10), at least to the extent 
that observations with excised leaves may be relied 
upon. Ordinarily this substance also appears to be 
unaffected during culture of the leaves in darkness, 
and it becomes involved only slowly and to a small 
extent under the stress occasioned by prolonged ex- 
posure of the leaves to light. There is no reason to 
doubt the accuracy of the determinations of isocitric 
acid in the earlier experiment since a method that 
has since been shown to be thoroughly reliable (11) 
was used. Accordingly, it is necessary to accept the 
result that a difference in behavior occurred. 

The explanation of discrepancies such as this must 
necessarily be speculative, but there was one out- 
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standing difference between the composition of the 
earlier samples and those used in the present experi- 
ment. The starch content of that set was the lowest 
of any that have been examined in this laboratory. 
Only one other set of samples has been seen which 
contained less than 5 gm per kilo of starch at sunrise, 
values between 5 and 10 gm and occasionally even 
higher being far more common. The starch content 
at sunrise is presumably a function of the effective- 
ness of the enzyme systems concerned with the acidi- 
fication process that goes on during the night, and this 
in turn may depend upon such subtle factors as the 
nutritive condition of the plants and even the weather 
during the days preceding the collection of the sam- 
ples. However this may be, it seems clear that the 
samples of the earlier experiment were unusual in 
their low content of starch. The prompt decrease of 
starch which occurred during the first few hours of the 
culture period shows that this substance was being 
drawn upon for some metabolic process, and appar- 
ently a level was soon reached at which other compo- 
nents of the tissue were required. Insufficient amounts 
of simple carbohydrates were present to supply the 
demand, for the glucose content increased from 1.6 to 
2.2 gm per kilo during this critical period of 7 hours, 
and the sucrose and unfermentable sugar changed 
only a little. Under these circumstances, the require- 
ments appear to have been met by isocitrie acid, and 
this substance continued to be used for more than 14 
hours or until the decomposition of malic acid was 
well under way. In the present experiments, by con- 
trast, there appears to have been ample starch to 
supply the requirements of the metabolism, and iso- 
citric acid was not drawn upon. 

The observations therefore lead to the suggestion 
that isocitric acid may fulfill the role of a reserve or 
storage substance available for use in the general 
metabolism under certain situations one of which 
seems to have developed when the starch diminished 
to an unusually low level under the experimental con- 
ditions to which the leaves were exposed. 

The increase in starch, which began at the time 
that the reactions which led to a net loss of malic 
acid assumed dominance, continued for only a rela- 
tively short time. The starch increased to approxi- 
mately the level present at sunrise and then remained 
with little further change for many hours. This phe- 
nomenon has been encountered on several occasions 
(e.g. (2) and unpublished observations), and appears 
to be associated with the metabolism of malice acid. 
It would appear that there is a relationship between 
the quantities of starch and of malic acid such that a 
certain low level of starch is fairly promptly reestab- 
lished if for some reason it decreases below this point. 

A statistical examination was therefore made of 
the data for starch and malice acid over the period 
when the starch content was increasing. The pooled 
data for the two groups of samples (9 observations) 
yielded a coefficient of correlation of - 0.933 which is 
highly significant since r=0.898 for P=0.001 with 7 
degrees of freedom. 
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A plot of the regression of the 9 determinations of 
malice acid against the corresponding determinations 
of starch during the period when the starch was in- 
creasing is given in the lower part of figure 2. The 
point at zero time is shown as a double circle and, as 
would be expected, bears little relationship to the 
other group of points. The regression line is ex- 
pressed by the equation, Malice acid =- 58.3 (Starch) 
+ 583. The slope shows the ratio of the loss of malic 
acid to the gain of starch and is expressed in the 
units meq/gm. It can be converted to molar units by 
the factor 162.1/2000 = 0.081 where 162.1 is the mo- 
lecular weight of one unit of the starch molecule 
(CgH,90;), and 2000 is the relationship of meq of 
malic acid to moles. Accordingly, the equation im- 
plies that 4.7 moles of malic acid disappeared during 
the formation of 1 mole of starch. This result is in 
marked contrast to the observation that approxi- 
mately 1 mole of malice acid disappears during the 
formation of 1 mole of starch in Bryophyllum leaves 
exposed to light (8), and suggests that the formation 
of starch in darkness under the conditions of the pres- 
ent experiment is, as it were, a side reaction in which 
some of the malic acid present becomes involved. 

A more detailed statistical analysis of these data, 
for which we are indebted to Dr. C. I. Bliss of this 
Station, led to the conclusion that the separate regres- 
sion lines for the data of the two groups of samples 
are not significantly different from each other at the 
5 % level in either position or slope. Too few obser- 
vations were available however to permit generaliza- 
tion upon either the identity of, or the difference be- 
tween the effects of the two conditions of culture with 
respect to the behavior of starch and malic acid. 


SUMMARY 


An earlier experiment in which excised leaves of 
Bryophyllum calycinum were cultured in darkness 
under a continuous spray of water has been repeated. 
The observation of a formation of starch from ap- 
proximately the 6th to 30th hour of treatment has 
been confirmed, but the previous observation of a 
promptly initiated loss of a substantial proportion of 
the isocitric acid of the tissue has not; on the con- 
trary, the level of isocitric acid remained constant. 
The difference in behavior is ascribed to the uniquely 
low level of starch present in the leaves of the earlier 
experiment. Under the stress of the experimental 
conditions, isocitric acid appears to have behaved as 
a reserve substance which was drawn upon to satisfy 
the demands of the metabolism during the early phase 
of the treatment. After the utilization of malic acid 
had become well established, loss of isocitric acid 
ceased. In the present experiment, in which the leaves 


contained an adequate supply of starch, this phenome- 
non did not occur. 

Evidence is presented of a close correlation be- 
tween the formation of starch and the loss of malic 
acid. However, the molar relationship between the 
quantities of reactants was such as to suggest that 
the formation of starch in darkness under the experi- 
mental conditions is of the nature of a side reaction 
in which a part of the malic acid became involved. 
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for technical assistance, to Dr. Israel Zelitch for help- 
ful discussion, and to the National Science Founda- 
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pense of this investigation. 
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Foliar applications of nutrient minerals and the and on the translation of 2,4-D and P8?. The radio- 
increasing use of systemic pesticides have served to active element has been used as a check on the results 
reemphasize the importance of absorption and trans- with the herbicide. 
location in plant physiology. Studies of the move- 
ment of these materials have an immediate application 
value; at the same time they can aid in the solution Soybean seedlings were the main experimental ma- 
of basie problems in plant behavior. terial. Uniform plants growing in pots were used 

A number of workers (5, 12, 14, 24, 30) have when the unifoliolate leaves were mature but before 
stressed the importance of surfactants in increasing expansion of the trifoliolate leaves had begun. Treat- 
the effects of herbicides applied to leaves. Bryan et al ment with 2,4-D usually consisted of wetting 2/3 of 
(5) and Hauser (12) showed that the rate of absorp- one unifoliolate leaf on each plant with a solution con- 
tion of 2,4-D as well as the total qualtity absorbed taining 750 ppm of Na-2,4-D and 0.1% of Triton 
was increased by lowering the surface tension of B-1956. Penetration periods were controlled by 
sprays. Some of this effect is due to the better wet- washing the treated leaves thoroughly after a speci- 
ting leaves (12, 21) by solutions of low surface ten- fied penetration time, typically two hours. The 
sion. However, leaves without surface wax deposits method of washing with a series of water and deter- 
(23) show greater absorption of herbicides when sur- gent solutions has been shown (12) to reduce residual 
factants are added, and additions far beyond those 2,4-D on the leaf below that required for a significant 
giving minimum surface tension give continued in- effect on the plant. Translocation time was con-: 
creases in toxicity (24). Weintraub et al (30), for trolled by removing the treated leaf and its petiole 
example, found that surfactants increased 2,4-D ab- after a specified time. Since significant penetration 
sorption from alcoholic solutions, even though surface was obtained in two hours while significant transloca- 
tension was not affected. tion from the treated leaves required more than four 

Bryan et al (5) and Hauser (12) showed that ab- hours (cf table II), it was possible to separate the 
sorption of 2,4-D was accelerated by rising tempera- effects of temperature, for example, on penetration 
tures, indicating that chemical reactions are limiting and on translocation. 
the process at some point. The work of Bennett (2) The effect of the 2,4-D absorbed (and subse- 
suggests types of membrane changes that might be quently translocated) before the treated leaves were 
concerned in this response. Biddulph (3) and Swan- washed, or absorbed and translocated before the 
son and Whitney (25) showed that P32 could be ab- treated leaves were removed, was measured as a re- 
sorbed through leaf surfaces. The latter workers duction in the growth of the plant parts above the 
found, however, that this absorption was reduced by unifoliolate leaves. An experimental unit consisted of 
the single surfactant tried in their work. two, uniform, treated seedling plants in one four-inch 

The older work on translocation is reviewed by pot. Ten replications, or 20 plants, were commonly 
Curtis (8). More recent work, particularly as it ap- used for each treatment. The minimum number of 
plies to the mass-flow hypothesis, is reviewed by Teplications was six in a few experiments when a q 
Crafts (6). Translocation of organic molecules, up larger number of suitable plants was not available. 
or down, is normally limited to the phloem, while in- All data were treated by analysis of variance. Values 
organic substances may move either in the xylem or for least significant differences at the 5 and the 1% 
phloem (17). Many workers find that translocation levels (LSDo.95 and LSDpo9;) are given in the tables 
in the phloem is accelerated by temperature (4, 13, Whenever these values aid in the interpretation of the 
25, 26), although complicating factors of respiration, data. Plumule growth of soybean seedlings is variable 
fixation, ete., enter the picture at temperatures above under the best conditions and this variability is shown 
about 25°C. Leonard (15) and others (18, 29) have in the relatively large values required for least signifi- 
shown that sugars may be exported from leaves ant differences. 
against steep concentration gradients. The P?? was obtained as a high specific activity 

In the present research we have rechecked earlier Solution (approximately 5 me/ml) of the phosphate 
experiments on the absorption of 2,4-D and have ion in a weak HCl solution at a pH of about 4.5. In 
added experiments on the absorption of P32 by leaves general, 1 yc of P%* was dissolved in 10 yl of solution 

‘ and applied with a micropipette to the central area of 

* Received revised manuscript January 31, 1957. one unifoliolate leaf on each treated plants. Treated 
? Journal paper No. J-2982 of the Iowa Agricultural a: rashed red specified iod 
Experiment Station, Ames, Iowa. Projects 944 and 1139. er =r a ng He epi: “ = - sagen 

3 Present address: Grasselli Chemicals Department, after applying the P?, as for experiments with 2,4-D. 
Experimental Station, E. I. du Pont de Nemours and P®** was measured in dried plant briquets by the 
Co., Wilmington 98, Delaware. counting method of Mackenzie and Dean (20). When 
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TABLE I 


Errects oF 0.1 Percent WetTTING AGENT ON THE 
ABSORPTION OF P® WHEN APPLIED IN 
20 ut or SOLUTION 








ABSORPTION OF P™ 
WETTING AGENT = 








Expt 1 Expt 2 
cpm cpm 
None 7,968 6,421 
B-1956 1,112 984 
Tween 20 10,073 8,144 
Dreft 2,592 2,028 
Dodecy!] alcohol 4,727 4,870 
X-100 8,849 7,489 


Expt. 1: LSDo.o = 3,961; LSDo.m = 5,408. Expt. 2: 
LSDo.o = 3,321; LSDo.u = 4,529. 





the quantity of radioactive material of a specific tissue 
was small, or when the radioactivity was inconveni- 
ently high, the radioactive tissue was mixed in known 
proportions with non-active tissue before forming the 
briquets. Activity is reported for most experiments 
in counts per minute for comparable tissues receiving 
varying treatment. Variations in total activity with 
treatment, rather than specific activity, gave the in- 
formation desired in these experiments. 


RESULTS 


Many workers have shown important effects of 
surfactants on the absorption of 2,4-D (ef 12 and 30). 
Swanson and Whitney (25) found no comparable ef- 
fect on the absorption of P®* in an inorganic form. 
The results in table I show the variable effects of dif- 
ferent wetting agents on P®? absorption. Some agents, 
as Triton B-1956, greatly reduced absorption, prob- 
ably because of the formation of insoluble phosphorus 
compounds. None of the surfactants tested signifi- 


TABLE II 


ABSORPTION AND TRANSLOCATION OF 2,4-D By 
SoyBeAN LEAVES 








A LEA . 
FATE OF LEAF _—— 





2,4-D,ppmM EXPOSURE, HRS AT END OF ee 
Pesceanstcsie GROWTH, GM 
None 4 Washed 1.44 
None 4 Removed 1.52 
500 1 Washed 1.28 
500 2 Washed 0.91 
500 4 Washed 0.62 
500 1 Removed 1.47 
500 2 Removed 1.71 
500 4 Removed 1.63 
1000 1 Washed 1.22 
1000 2 Washed 0.62 
1000 4 Washed 0.94 
1000 1 Removed 1.43 
1000 2 Removed 1.60 
1000 4 Remived 1.69 





LSDo.0s = 0.42; LSDo.n = 0.55. 


~ 2,4-D, 750 ppm 30 


TABLE III 


Errect oF TEMPERATURE ON ABSORPTION OF 2,4-D 
Durine A 2-Hr Exposure 








TREATMENT Temp, °C WT NEW GROWTH, GM 
~ None 15 3.86 
~None 30 4.35 
~2,4-D, 750 ppm 15 1.09 


0.60 





LSDo.o = 0.72; LSDo.n = 1.09. 


cantly increased the absorption of P32 by soybean 
leaves. If absorption had been through stomates (11) 
more effect from some of the wetting agents would 
have been expected. 

The general pattern of the absorption and trans- 
location of 2,4-D is shown in table II. When the 
leaves were washed 1 hr after treatment to remove 
unabsorbed chemical, the total growth reduction 12 
days later was not statistically significant. Reduction 
was apparent if the 2,4-D was left on the leaves for 2 
hrs before washing. These figures indicate rates of 
penetration into leaves which subsequently remained 
on the plants so that translocation was limited only 
by absorption. When the treated leaves were re- 
moved at the end of the treatment period, none of the 
growth figures was lowered significantly, even with 4 
hrs and 1000 ppm 2,4-D. Translocation of 2,4-D 
from these leaves was a slow process, and was not 
significant 2 hrs after toxic levels of the herbicide had 
penetrated into the leaves. In subsequent experiments 
with *2,4-D, 2 hrs was allowed for the absorption of 
2,4-D and 24 hrs for translocation from the leaves. 

A composite picture of the movement of P?? in a 
soybean plant somewhat larger than those generally 
used is given by figure 1. One pe of P38? was applied 
to one unifoliolate leaf after the first trifoliolate was 
partly unfolded. The treated leaf was washed after 
2 hrs and the plant was allowed to grow for 1 week, 
then pressed, dried and radioautographed. The 
treated leaf was removed before making the exposure 
to avoid streaking the plate. P32 was abundant in the 
stem, roots and new leaves. It was nearly absent 
from the untreated unifoliolate leaf and also from the 
trifoliolate which was partly unfolded at time of treat- 
ment. Accumulation was most marked in the bud 
and in the root tips and branch rot primordia. The 
reduced movement into older leaves is an indication 


TABLE IV 


EFFECT OF TEMPERATURE ON ABSORPTION oF P® 
Durine A 2-Hr Exposure 








ABSORPTION OF P® 








TemMP - 
Expt 1 Expt 2 
°C cpm cpm 
15 6,023 2,905 
30 5,856 


3,275 
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Fic. 1. One uc P*® was applied to one unifoliate leaf of a soybean seedling. The treated leaf was washed 2 hrs 
later, the plant allowed to grow for 1 wk, then pressed dried and radioautographed. 

The treated leaf, containing 66 % of the absorbed P*, was removed before autographing. Note near absence of 
translocation into leaves that were mature (unifoliolate) or partly expanded (first trifoliolate) at time of treatment. 


TABLE V 


EFFECT OF SUCROSE ON ABSORPTION OF 2,4-D BY 
CARBOHYDRATE DEPLETED PLANTS 











TREATMENT WT NEW GROWTH, GM 
None 1.25 
Sucrose, 5 % 131 
2,4-D, 750 ppm 0.77 
2,4-D + sucrose 0.88 








that the phosphorus was largely changed to and re- 
mained in an organic form, hence did not rise from 
the roots in the transpiration stream. Exclusion from 
older leaves agrees with the findings of Leonard (15) 
and Loomis (18) that translocation of organic mate- 
rials is polarly outward from older leaves. 

The positive effect of temperature on absorption 
of 2,4-D is shown in table III. The reduction in 
growth at 15° C was 2.77 gm compared to 3.75 gm at 
30°C. A temperature differential was .maintained 
only during the 2-hr period immediately after treat- 
ment. The treated leaves were then washed thor- 
oughly to remove unabsorbed chemical and the plants 
were grown together in the greenhouse for 12 days. 
This result agrees with those obtianed by Bryan et al 
(5) and Hauser (12), although the response was less 
striking in this experiment. 


The absorption of P32 showed no temperature ef- 
fect (table IV). The absorption of inorganic P8? 
thus differs from the absorption of an organic mole- 
cule in being unaffected by both wetting agents and 
temperature. 

Added sucrose had no effect on the absorption of 
2,4-D, table V. Light before, but not after, treatment 
increased absorption of P®?. It is not clear whether 
opening of stomates or electrcial charge of leaves 
(27) was involved in this effect on P?? absorption. 

In contrast to the experiments on absorption, the 
addition of sucrose to carbohydrate depleted leaves 
increased the translocation of both 2,4-D and P3? 


TABLE VI ke\\ 


EFFECT OF SUCROSE ON TRANSLOCATION OF 2,4-D FROM 
CARBOHYDRATE DEPLETED LEAVES 











FATE OF TREATED LEAF TREATMENT 


AT END 24-HR —— Sears Wt NEW 
DARK PERIOD 24-D Sucrose GROWTH 
ppm %o gm 
Leaf attached 0 5 111 
Removed 0 5 0.99 
Removed 750 5 0.79 
Removed 750 0 


LSDo.o = 0.24 : LSD» a= 0.33. 
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TABLE VII 


EFFECTS OF SUCROSE ON THE TRANSLOCATION OF P® FROM 
CARBOHYDRATE DePLeTED LEAVES OF SOYBEANS 





SuUcROSE | 





TREATMENT DURING EXPOSURE 
% cpm 
Dark 0 749 
Dark 5 4,791 
Light 0 15,701 


LSDo.os = 3,340; LSDo.a = 4683. 
All plants received 1 ue P® in 10 ul of solution. All 
treated leaves removed after a 24-hr exposure. 


(tables VI and VII). For 2,4-D the comparison be- 
tween plants receiving 2,4-D, with and without added 
sucrose, was particularly striking. In the experiment 
with P%?, the effect of sucrose was just short of the 
1 % level of significance. Light before and after ap- 
plication of the phosphorus gave an even larger effect, 
presumably because it resulted in a better carbohy- 
drate supply within the leaf. Our results add P®? to 
the list of 2,4-D (9, 16, 22) and Co® (11) the trans- 
location of which appears to depend upon the sugar 
supply in the leaf. This effect of sugars on transloca- 
tion has been claimed by Day (9) to indicate mass 
flow in the translocat@jn of 2,4-D, with the herbicide 
swept along in a translocation stream of sugars. 
Work by Currier et al (7) raises a serious question of 
the mechancial feasibility of mass flow. It seems at 
least equally probable that a high level of carbohy- 
drates may be required to supply energy or materials 
for some step in the loading (19) or movement of the 
chemicals. It is significant in this connection that a 
period of hours was required for the export of measur- 
able quantities of 2,4-D or P3? from treated leaves. 
In contrast, Vernon and Aronoff (26) obtained export 
of radioactive sugars from soybean leaves within 5 
minutes after supplying C140, in light. 

A separation of the organic and inorganic fractions 
of P32 was made by the trichloroacetic acid method. 
Analyses showed that inorganic P3? applied to leaves 
was largely transformed to organic compounds within 
the leaf. Fang and Butts (10) have shown that 2,4-D 
may form organic combinations within the plant. If 
translocation is limited or essentially limited to some 
such combination, sugars could have a controlling 
effect without the introduction of the mass-flow hy- 
pothesis. The work of Wanner (28) suggests, how- 


TABLE VIII 


EFFECT OF TEMPERATURE ON TRANSLOCATION OF 2,4-D 
DurineG A 24-HR PerIop 





TREATMENT 


Temp, °C WT NEW GROWTH, GM 
Check 15 1.89 
Check 30 1.86 
2,4-D, 750 ppm 15 1.62 
1.22 


2,4-D, 750 ppm 30 


LSDo. = 0.23; LSDo.n=0.31. Qu: = 1.79. 





TABLE IX 
Errects OF TEMPZRATURE ON TRANSLOCATION OF P” 
Durinc A 24-Hr Per op 


p* 
TREATMENT Tremp 
Exptl Expr2 
~¢ cpm cpin 
Treated leaves left on aS 2,878 2,133 
Treated leaves removed 
at end of 24 hrs 15 A50 Pes 3 
* _ 30 1614 1.037 
Expt. 1: LSDo.os = 1,004. Expt. 2: LSDoo = 507. Qu 


= 2.21 (av). 


ever, that the translocated form of P8? is not a suzar 
phosphate. 

The effects of temperature on the rate of trans- 
location from leaves are shown in tables VIII and IX. 
The Q,o for translocation of 2,4-D, calculated on the 
reduction of growth of plants treated at 15 and 30° C, 
was 1.79. This coefficient is in the range of processes 
limited by chemical reactions, and considerably larger 
than the value of 1.31 for the change in the viscosity 
of a 20 % sucrose solution over the same temperature 


Fic. 2. Radioautograph of excised beet leaf blade 
washed and frozen 1.5 hrs after painting with P® solu- 
tion. Irregular penetration and litt!e accumulation of 
P* in veins. 














de 
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Fic. 3. Radioautograph of beet leaf blade washed 
and frozen 6 hrs after painting with P® solution. Heavier 
penetration than in figure 2 and marked loading of the 
radioactive phosphorus into the main veins. 


range. In the experiments with P3? the temperature 
coefficients, Q,o, averaged 2.21, a typical coefficient 
for an enzymatically controlled chemical reaction. 
These responses and similar results obtained by others 
seem to establish the presence of some chemical reac- 
tion as the slow step in translocation from leaves. 
They do not distinguish between reactions changing 
the form of the translocated materials and respiratory 
reactions supplying energy for some step in the process. 

For a comparison of absorption by leaves and 
roots, soybeans were grown in culture solutions until 
the unifoliolate leaves were mature. ‘The culture jars 
were placed in water baths at 13 and 23°C and the 
solutions allowed to come to the bath temperatures. 
2,4-D at 45 ppm was then added to the solutions and 
left for 24 hrs. The temperature coefficient for ab- 
sorption of 2,4-D by roots was just over 1, as meas- 
ured by subsequent growth of the plants, indicating 
basic differences in the absorption of 2,4-D by roots 
and leaves. 

The work of Leonard (15) showing the extreme 
polarization of movement of sugars from sugar beet 
leaves suggested an experiment with P®? on this mate- 
rial. Solutions of P3* were painted uniformly over the 
detached blades of sugar beet leaves (approximately 
100 we per leaf). The blades were then held in moist 


chambers with the base of the cut midrib dipping in 
water. After varying periods the leaves were re- 
moved, scrubbed to remove surface P3? as thoroughly 
as possible, and radioautographs made of the fresh, 
frozen leaves at a temperatures of —20° F. Experi- 
ments with dried leaves showed a pronounced tend- 
ency for equalization of P?? throughout the leaves as 
they dried. 

The results of these tests are shown in figures 2 to 
5. Figure 2 shows the radioautograph of a blade 
washed 1.5 hrs after applying the P32, frozen, and 
radioautographed. Penetration was spotted, and the 
veins were generally low in radioactivity. The leaf in 
figure 3 was washed and radioautographed after 6 
hrs and shows a very different condition. Penetration 
had been considerably greater, but, of greatest im- 
portance, practically all of the P? in the effectively 
washed areas of the blade was collected in the main 
veins. Since these were detached blades, no translo- 
cation was involved, and the phenomenon is clearly 
that which we have called loading (19). 

The accumulation of scattered P?? molecules into 
the veins of the leaf requires work, and we assume 
that respiratory energy is used. Figure 4 shows the 
accumulation of phosphorus in the veins of a blade 
normally supplied with carbohydrates and kept in 
diffuse light for 24 hrs after treating and before wash- 
ing. Accumulation in all main veins was marked. A 





Fic. 4. Loading in a beet leaf blade after 24 hrs. 
Most of the P® was accumulated in the veins, even 
though no translocation occurred in this excised blade. 
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Fic. 5. General absence of loading in a blade low in 
available carbohydrates. Otherwise the same as figure 4. 


paired leaf blade which was covered to exclude light 
before and after applying P??, and thus to bring about 
carbohydrate depletion in the leaf, is shown in figure 
5. Loading was greatly reduced, particularly in the 
midrib. 

Loading, or some comparable reaction, has been 
indicated by experiments on polarization of transport 
from leaves. Leonard (15), Loomis (18) and Wanner 
(29) have shown that sugars may move out of leaves 
against diffusion gradients. Wanner found the sugar 
concentration of the phloem to be 20x that of the 
blade and to consist entirely of sucrose, whereas blade 
sugars were mixed sucrose and reducing sugars. Load- 
ing seems clearly to be a concept to be added to our 
knowledge of translocation, and is an additional com- 
plication in an already complicated situation. 


SUMMARY AND CONCLUSIONS 


The absorption of 2,4-D by leaves is increased by 
surface active chemicals and by increased temperature. 
The absorption: of inorganic phosphorus showed 
neither of these responses. The results suggest dif- 
ferences in the mechanism of absorption of an organic 
molecule and an inorganic ion. Absorption of 2,4-D 
by roots of soybean plants was not accelerated by a 
temperature rise of 13 to 23°C. 

Radioactive phosphorus pipetted onto one trifolio- 
late leaf was translocated throughout the plant. Six- 


teen percent of the P%? applied to a leaf had been ab- 
sorbed in 2 hrs and could not be removed by washing. 
Of the absorbed P32, 66 % remained in the treated 
leaf. The remainder was concentrated in the bud and 
young growing leaves, in the stem above the point of 
application, and in the roots. Leaves which were ma- 
ture or considerably expanded at the time of treat- 
ment received relatively small quantities of the 
phosphorus. 

Absorption of 2,4-D and P82 was not reduced by 
depletion of leaf carbohydrates. Translocation from 
the leaves, in contrast, was slowed or stopped. Trans- 
location of both substances showed the temperature 
coefficients of a chemical reaction, with Q,9 values on 
the order of 2. Absorption and movement of either 
2,4-D or P3? from leaves in significant quantities re- 
quired more than 2 hrs. Absorption alone required 
less than 2 hrs. Radioactive photosynthate may move 
out of soybean leaves within minutes after supplying 
C40, (26). This difference suggests that chemical or 
physical transformations are required before 2,4-D 
and P8? can be translocated through the phloem of 
soybean plants. Analyses of leaves treated with P®? 
showed that 80 % of the radioactive phosphorus was 
present in organic compounds after 24 hrs. 

Six hours after painting detached beet leaf blades 
with P%? solution, a large percentage of the phos- 
phorus was concentrated in the veins. Considerable 
areas of mesophyll were nearly free of radioactive ma- 
terial. This loading of the veins occurred in the 
absence of translocation from the blade but required 
a supply of available carbohydrate. Various observa- 
tions on polar transport from leaves suggest that this 
loading reaction is a normal and important part of the 
translocation mechanism. 
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GROWTH IN VITRO OF MARIGOLD AND TOBACCO TISSUE WITH 
NUCLEIC ACIDS AND RELATED COMPOUNDS? ? 


ALBERT C. HILDEBRANDT, A. J. RIKER ann ELIZABETH MUIR 
DEPARTMENT OF PLANT PaTHoLocy, UNIversITy oF Wisconsin, Mapison, WISCONSIN 


With increased recognition of the importance of 
nucleic acids for growth, the roles of certain acids, of 
their individual component parts, and of some ana- 
logs have needed clarification both for normal and dis- 
eased growth. 

Concerning normal growth, this interesting view- 
point may be mentioned. As a dicot stem matured, 
many cells as they differentiated might be in a 
“straight jacket” so that they could no longer divide 
unless released. In any case, the encouragement or 
inhibition of growth by common metabolic chemicals 
might be approached with tissue cultures. 

Concerning diseased situations, tolerances shown 
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by tissues might be critical. This is so whether abnor- 
mal amounts of metabolites have occurred through 
abnormal physiology or because of parasitism. Cel- 
lular responses have varied from the normal between 
such extremes as abnormal cell growth, injury, and 
necrosis. The encouragement or inhibition of growth 
by various common sources of nitrogen, carbohy- 
drates, alcohols and organic acids, as well as tolerances 
for them, have been reported earlier (16). 

Some relationships of the nucleic acids in the 
crown gall disease of plants were reviewed by Braun 
(1) and by Klein and Link (10). Certain correlations 
of these materials to cell enlargement, cell division 
and differentiation in isolated tissues of normal origin 
were analyzed recently by Skoog (18). Plant tissue 
that grew in vitro under controlled chemical and 
physical conditions provided excellent experimental 
material to examine the metabolic roles of some of 
these compounds. 

Certain of the nucleic acid components added to 
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the basal tissue culture media by various investigators 
have induced differences in morphology and rates of 
growth (8, 12, 13, 14, 19, 20). 

However, less is known about the influences of 
these compounds on diseased plant growth. Virus 
tumor tissue of Rumez acetosa L. grown on media 
with supplements of nucleic acids and related com- 
pounds (15) were less responsive than were the tissues 
of normal origins. Growth of this tissue was en- 
hanced by alkaline hydrolyzed ribonucleic acid (RNA) 
and decreased by alkaline hydrolyzed deoxyribonucleic 
acid (DNA). Marked inhibition was observed in 
media with supplements of adenine, adenosine or 
adenylic acid. Some evidence of stimulation occurred 
with guanine, uracil, xanthine or hypoxanthine. No 
evidence was recorded of induced morphological 
changes in the virus tumor tissues, such as those 
cited above for tissues of normal origin. 

The purposes of the present paper were to deter- 
mine the effects of certain nucleic acids and of their 
components on some plant tissue in culture. Atten- 
tion was given to the influences of different concen- 
trations on tolerance, stimulation, or inhibition and to 
relations with disease situations. 


MATERIALS AND METHODS 


The marigold crown gall and the hybrid tobacco 
tissues were from stock cultures described earlier (4). 
Seed pieces with wet weights of about 20 mg were 
taken aseptically from cultures 35 to 42 days of age. 
Four seed pieces were spaced evenly on 50 ml of agar 
medium in a 6-oz prescription bottle set on its narrow 
side. 

The nucleic acids and related compounds were 
used as received without additional purifications. 
p-Ribose was supplied by General Biochemicals, Inc., 
and the other compounds by Nutritional Biochemical 
Corporation. All compounds were soluble in hot 
water except DNA, RNA, guanine, xanthine and 
hypoxanthine. These dissolved when a few drops of 
0.05 N NaOH were added to the solution. Concen- 
trated stock solutions and a series of diluted solutions 
were prepared of the purines, pyrimidines and thiour- 
acil. Appropriate amounts of these stock solutions 
were added to the basal medium for tobacco tissue 
(5) to give the desired concentrations. The medium 
was then adjusted to pH 6.0 and sterilized in the auto- 
clave (15 pounds for 20 minutes). The concentrated 
p-ribose stock solution was sterilized by filtration and 
was added aseptically to the autoclaved basal medium. 

Thymine, uracil and p-ribose each, respectively, 
were added to the medium to give concentrations of 
0.04, 0.4, 4.0, 40 and 400 mg per liter. Xanthine, 
hypoxanthine, guanine, cytosine, adenine and _thio- 
uracil each, respectively, were added to the basal 
media to give concentrations of 0.01, 0.1, 1.0, 10 and 
100 mg per liter. The concentration ranges for DNA 
and RNA were extended to 4 gm per liter. With 
tobacco tissue RNA was also used at 8 and 16 gm per 
liter. p-Ribose was tested both with and without 
sucrose in the medium. 


These experiments were performed from June, 
1951 to December, 1955. With each series of trans- 
fers, the stock cultures were checked for freedom from 
contaminating bacteria and fungi. Because the stock 
tissue used varied several days in age, this sometimes 
influenced the lag period required for the subcultures 
to begin active growth. The weights given in the re- 
sults are those actually measured without correction 
to the weight of the control for a starting point. 

Twenty-four tissue pieces were incubated on media 
in six bottles at each concentration in one experiment 
and each experiment was repeated three or more 
times. The tissues were harvested after 6 weeks in- 
cubation in the dark at 26°+1°C. Growth was 
measured as the average final wet weights of the tis- 
sues. The data in the curves are the averages of 
similar experiments made at different times. In all, 
over 18,000 tissue pieces were weighed. The statis- 
tical significance of the variability has already been 
studied (6). 

RESULTS 

Both compounds and their concentrations influ- 
enced the amounts of growth of the callus cultures. 
The marigold and tobacco cultures sometimes grew at 
different rates. However, no macroscopic evidences 
were observed of differentiation by the tissues. 

GROWTH WITH PURINE SUPPLEMENTS: The influ- 
ences on growth varied with the tobacco tissue when 
the cultures were incubated with different levels of 
the purines (fig 1). Growth increased slightly with 
the concentration of guanine and hypoxanthine. 
Growth with adenine and xanthine was not influenced 
until it was reduced at the highest concentration used. 

More favorable growth responses to the purines 
were displayed by the marigold tissues of crown gall 
origin (fig 5). With guanine, hypoxanthine, and 
xanthine, growth of this species increased slightly, 
perhaps, at all concentrations from 0.01 to 10 mg per 
liter. Adenine was beneficial, if at all, only at 1 mg 
per liter. All the purines inhibited growth to varying 
degrees at 100 mg per liter. 

GROWTH WITH PYRIMIDINE SUPPLEMENTS: Cyto- 
sine and uracil influenced growth of tobacco cultures 
little, if any, until too strong (figs 1, 3). Thymine 
had little effect. Cytosine and particularly uracil in- 
hibited growth at the highest concentration. 

Marigold tissue appeared stimulated by certain 
dilutions of cytosine (fig 5) and uracil (fig 4). Thy- 
mine and uracil inhibited growth when strong enough. 

PENTOSE SuGAR: When p-ribose was added to the 
sucrose basal medium, little change was induced in 
the growth of tobacco or marigold tissue (figs 3, 4). 
Higher concentrations of p-ribose supported growth 
of tobacco comparable to the control media. How- 
ever, the marigold and tobacco tissues failed to grow 
on media with any concentration of p-ribose as the 
sole source of carbon. 

Riponucteic Acip SUPPLEMENTS: The method of 
sterilizing RNA was important with tobacco tissue at 
4 gm per liter—growth being better (fig 2) with the 
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filtered than with the autoclaved material. This tissue 
failed to grow at 8 and 16 gm per liter (not shown 
on the graph) with either filtered or autoclaved RNA. 
Marigold tissue was much benefited with 400 mg per 
liter of either autoclaved or filtered RNA (fig 6); but 
it was inhibited by 4 gm per liter. 

As a source of nitrogen, RNA had little value for 
tobacco tissue below 40 mg per liter. It was satisfac- 
tory at 400 mg per liter, but not at 4 gm per liter. 
Marigold tissue grew little, if any, even at 400 mg 
per liter. 

As a source of carbon, practically no growth ap- 
peared with 0.04 mg to 4 gm per liter. 

The satisfactory growth by tobacco and the practi- 
cal failure by marigold were striking at 4 gm per liter. 

DEOXYRIBONUCLEIC Acip SupPpLEMENTS: ‘The 
method of sterilizing DNA also seemed important. 
With both tobacco and marigold tissues, growth was 
less (figs 2, 6) with autoclaved than with filtered 
DNA. In both cases, growth was satisfactory at 400 
mg per liter, but was inhibited at 4 gm per liter. 

As a source of nitrogen, DNA had little value, 
although tobacco tissue grew somewhat at 400 mg per 
liter. Marigold tissue grew little, if any, at any con- 
centration. 

As a source of carbon, DNA failed with both 
tobacco and marigold tissues at all of the usual con- 
centrations. 

Tuiouracit Errects: Thiouracil along with some 
related compounds (11) was a highly active anti- 
metabolite involved in inhibition of tobacco mosaic 
virus multiplication. It was also of interest to deter- 
mine what, if any, effects this compound had on the 
growth in vitro of these two tissues. The results of 
three trials summarized in figures 1 and 5 showed that 
thiouracil supplements reduced growth of tobacco 
tissue some at a concentration of 1.0 mg/l, and strik- 
ingly by concentrations of 10 and 100 mg per liter. 
Marigold crown gall cultures were by comparison 
relatively tolerant of thiouracil. Only at 100 mg per 
liter was the growth of marigold tissue reduced 50 %. 


Discussion 


The tissue culture technique has provided an ex- 
cellent tool for using well established bacteriological 
techniques to study fundamental physiology. For- the 
interpretation of the results, considerations must be 
given to permeability, enzyme systems present, crit- 
ical metabolic products from the substance tested, and 
variations between different plant species. 

The concentrations that were effective might seem 
excessive when compared with that from an analysis of 
an entire plant. However, perhaps the amount should 
be compared with that within the cytoplasm and 
nucleus. 

Furthermore, not only the normal but the diseased 
tissue deserved attention. In diseased tissues, whether 
they resulted from abnormal physiology or from some 
parasitic agent, the responses ranged from no effect to 
stimulation, injury or death. The tolerances which 
the cells had for common metabolic substances varied 


from species to species and doubtless were important. 
Such a tolerance by the host and intolerance by the 
pathogen have formed a basis for certain types of 
disease resistance. 

The basic importance of the nucleic acids, their 
constituents, and their critical concentrations have 
been summarized by Chargaff and Davidson (2). In 
the plant tissue culture field, Miller and Skoog (12) 
described differentiation of tobacco stem segments into 
buds and leaves induced by the purines, adenine and 
guanine, and Skoog (18) has indicated that growth 
substance was intimately concerned with nucleic acid 
metabolism. Klein and Link (10) examined the im- 
portance of nucleic acids in crown gall and Nickell 
et al (15) in virus-infected tissue. Some of their find- 
ings have been extended and clarified by the present 
studies. 

Thiouracil retarded tobacco mosaic virus multipli- 
cation in infected tissues (11, 17) and uracil sup- 
pressed the inhibition due to thiopyrimidines. That 
thiouracil inhibited virus multiplication at low levels 
offers promise for chemical control of diseased growth. 

In the present studies, no differentiation occurred 
of callus cultures into buds, stems or roots. This was 
considered not at all contrary to the results of Miller 
and Skoog (12). Rather, it was due to basic differ- 
ences between clones of tissue and procedures. Com- 
mon observations have shown that freshly isolated 
tissues often differentiate into buds, roots or stems. 
However, such changes in established clones after long 
culture in vitro were less common than in fresh isola- 
tions. These cultures had been maintained as undif- 
ferentiated callus for over 14 years. Possibly the 
proper chemical balance was lacking; e.g., no addi- 
tional indoleacetic acid was added to the culture me- 
dium in the present study and the endogenous levels 
of indoleacetic acid in the marigold and tobacco tissue 
cultures were not determined. Skoog (18) indicated 
the importance of indoleacetic acid in nucleic acid 
metabolism and in growth and cell division in tobacco 
stem segments. The conditions that might induce dif- 
ferentiation in these cultures were particularly inter- 
esting—especially what concentrations of the mate- 
rials might affect differentiation. 

The different responses of the cultures to RNA 
and DNA were conspicuous. Nickell et al (15) found 
this same phenomenon with virus-infected sorrel tis- 
sue. RNA favored growth of virus tumor tissue at 
low concentrations, but DNA was inhibiting at all 
concentrations. 

These differential effects with DNA and RNA 
were of interest in connection with the crown gall 
initiation. For example, Klein and Link (10) sug- 
gested the importance of DNA in gall formation, since 
the DNA content increased in tomato plants 24 hours 
after inoculation with virulent crown gall bacteria. 
Klein and Klein (9) associated DNA isolated from 
virulent crown gall bacterial cultures with acquired 
virulence of avirulent crown gall bacterial cultures in 
media containing this source of DNA. In the present 
studies RNA was the stimulating material with in- 
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creased concentrations, while increased DNA concen- 
trations had no stimulating effect. Both were inhibit- 
ing at higher concentrations. 

The stimulating and inhibiting effects of RNA, de- 
pending on the concentration, were especially inter- 
esting in relation to symptoms with tobacco mosaic 
virus (TMV). Severely infected leaves commonly 
have shown both dark green areas that suggest growth 
stimulation and light green areas that suggest inhibi- 
tion. Often parts of leaves failed to grow. This sug- 
gested complete inhibition. Holmes (7) and Fulton 
(3) have reported much less virus in the dark green 
portions than in the light green parts. The TMV 
concentrations in a composite sample of infected tis- 
sues averaged 1 to 2 mg per ml of sap. This average 
concentration of virus, which was mostly RNA, was 
between the amount of RNA that was stimulating to 
the tobacco tissue cultures and that which was inhibit- 
ing (figs 1 and 6). This elucidated the symptom for- 
mation in tobacco mosaic. 


SUMMARY 


1. Tobacco tissue of normal origin from the hy- 
brid Nicotiana glauca x N. langsdorffii (21) originally 
isolated and supplied by Philip White and marigold 
tissue of crown gall origin isolated in this laboratory 
were grown in chemically defined culture media with 
addition of nucleic acids, their components or the 
antimetabolite thiouracil. 

2. Growth was strikingly stimulated by both fil- 
tered and autoclaved RNA at concentrations of 400 
and 4000 mg per liter, while DNA had no effect at 
low concentrations and was strikingly inhibiting with 
4000 mg per liter. RNA was furthermore an excel- 
lent source of nitrogen for the tobacco tissue but not 
for marigold tissue. DNA was not a good source of 
nitrogen for either tissue. Neither RNA nor DNA 
was a source of carbon for tobacco tissue. 

3. Tobacco tissue was inhibited by 400 mg per 
liter of adenine, cytosine, xanthine, thymine, and 
uracil, while hypoxanthine, guanine and ribose sup- 
ported progressively more growth with increasing 
concentrations. 

4. Marigold cultures were inhibited by 400 mg/ 
liter of all the purines and pyrimidines. Adenine and 
guanine were the most inhibiting. Some stimulation 
occurred with low concentrations of cytosine, guanine, 
and uracil and with ribose. 

5. The antimetabolite thiouracil was strikingly in- 
hibitory to tobacco cultures with concentrations of 10 
or more mg per liter. Marigold cultures were in- 
hibited by this compound only at 100 mg per liter. 

6. The amounts of RNA that inhibited or stimu- 
lated these cultures, respectively, appeared compar- 
able to the amounts inside stimulated dark green or 
inhibited light green tobacco leaves infected with 
TMV, which might clarify the characteristic mosaic 
symptoms. 


The authors are indebted to Mr. Eugene Herrling 
for preparation of the illustrations. 
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BRIEF PAPERS 


THE ROLE OF CELL SAP CONCENTRATION IN FROST HARDINESS? 


J. LEVITT 
DEPARTMENT OF BoTaNy, UNIverSITY oF Missouri, CotumsBiA, Missouri 


The many investigations attempting to relate cell 
sap concentration to frost hardiness have led to highly 
contradictory results (1). An indisputably close rela- 
tion between the two exists in many cases; in many 
others there is a complete lack of correlation. A few 
investigators have even attempted to increase hardi- 
ness by inducing the uptake of relatively large amounts 
of solutes. The resulting increase in frost hardiness 
was always slight or nonexistent. The purpose of the 
present research is to reinvestigate the relation be- 
tween frost hardiness and artificially induced increases 
in cell sap concentration, in an attempt to test the 
following hypothesis (1). 

A primary hardiness factor establishes the amount 
of frost dehydration that will injure the plant. Cell 
sap concentration is a secondary factor; it increases 
hardiness by lowering the temperature at which this 
frost-killing dehydration will occur. But the extent of 
the increase is proportional to the frost dehydration 
that can be withstood without injury. If a plant is 
unabie to survive ice formation at more than a few 
degrees below its freezing point, any increase in cell 
sap concentration will have a negligible effect on this 
frost killing point. But if it is able to survive a freeze 
of several degrees, an increase in cell sap concentra- 
tion will appreciably lower this frost killing point. 
The quantitative relations are as follows: 

If C, =the cell sap concentration at the frost kill- 
ing temperature, and C, = the cell sap concentration at 
the freezing point, the ratio C,/C; represents the 
plant’s tolerance of frost dehydration (1). As long as 
the primary hardiness factor is unchanged, 

Cur _ Cro _ K (1) 
Cy Cty 

If, then, the cell sap concentration (Cy) is in- 
creased, C, must increase proportionately. In other 
words, the frost killing point must be correspondingly 
lowered. Therefore, if Cy, is increased to Cy,: 


. Crp 2) 
Cio Be Cy x C., (2) 


The frost killing point (T,) must be correspond- 
ingly lowered from Ty, to Ty,. Knowing T,,, Cx, 
can be obtained from a table of equivalent sucrose 
values (1). From the calculated value for C,, (using 
equation (2) above), Ty, can be obtained using the 
same table. 

The hypothesis can, therefore, be tested if the fol- 
lowing values are determined: 

1. The freezing point lowering (T;,) and frost- 
killing point (T,,) for untreated plants. The corre- 


1 Received September 18, 1956. 


sponding cell sap concentrations (C;,, and C,,) can be 
obtained from a table of equivalent sucrose values. 

2. The freezing point lowering (T;,) and frost kill- 
ing point (T,,) for corresponding plants whose cell 
sap concentrations have been artificially increased (to 
C;,) without altering the primary hardiness factor. 
By means of equation (2), cell sap concentration 
(Cy.) is calculated for the same amount of frost de- 
hydration as in the untreated plant at C,,. The cal- 
culated frost killing point (T,,,) corresponding to Cy, 
is obtained from the table of equivalent sucrose values. 

If the hypothesis is correct, the experimentally de- 
termined and the calculated values for T,, should 
agree. 


METHOpsS 


If, as postulated above, the effect of cell sap con- 
centration on hardiness is proportional to the primary 
hardiness, appreciable differences will be obtained 
only when initially hardy plants are used. Conse- 
quently, in all the following experiments, the plants 
were hardened in a cold room at 3 to 5° C, (under a 
200-watt light during the day) for 1 to 6 weeks before 
use. In order to increase the cell sap concentration 
without altering the primary hardiness factor, a rela- 
tively rapid uptake of a nontoxic and a non-metabo- 
lised solute is necessary. This was accomplished by 
infiltration at 5° C with glycerine solutions. Leaves 
were excised and immediately immersed in a solution 
inside a vacuum desiccator. They were covered by a 
wire screen to keep them below the surface of the 
liquid. The desiccator was then repeatedly evacuated 
and refilled with air until the leaves were completely 
infiltrated. To insure opening of the stomata, through 
which most of the solution enters, the leaves were ex- 
cised 1.5 to 3 hrs after the light was turned on. In 
order to keep the stomata open during the infiltration 
process, a desk lamp was placed just above the 
desiccator. 

Glycerine enters the cell reasonably rapidly; con- 
sequently, the infiltrated leaves were allowed to lose 
their intercellular water by transpiration (at 3 to 
5° C) while this penetration occurred. All the inter- 
cellular water was lost in a few hours (cabbage) or 
20 hrs (Saxifraga) if the leaves were simply laid flat 
on a wire screen 1 to 2 ft below the 200-watt bulb. 
If too high a concentration of glycerine was used for 
the rate of glycerine penetration to keep up with the 
rate of water loss by transpiration, collapse of some 
of the cells occurred. In the case of well hardened 
cabbage leaves such collapse was rare. The leaves 
were fully turgid and looked completely normal. 
When transferred to the laboratory and placed in 
water, they remained alive for days or even weeks, 
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TABLE [I 


AMouNT oF Morar GLYCERINE INFILTRATED INTO 
HARDENED CABBAGE LEAVES 














LEAF WT, GM Uptake OF M GLYCERINE 
LeaF NO. 
(FROM BEFORE AFTER 
BASE UP) INFIL- INFIL- Wt,GM %OFLEAF WT 
TRATION TRATION 
Plant no. 1 
10 2.60 3.15 0.55 21.2 
11 2.35 2.85 0.50 21.3 
12 2.55 3.05 0.50 19.6 
Av 20.7 
Plant no. 2 
11 1.00 1.15 0.15 15.0 
12 0.90 1.05 0.15 16.7 
13 1.45 1.70 0.25 17.2 
Av 163 





and were completely indistinguishable from untreated 
controls. A few whole cabbage plants were also in- 
filtrated by inverting pots in beakers of glycerine 
solutions under a bell jar. Again, no sign of injury 
occurred as long as the glycerine solution was not too 
concentrated to permit loss of intercellular water 
without cell collapse. The whole process of infiltra- 
tion and loss of intercellular water required only 6 to 
12 hrs in the case of cabbage, 24 hrs in the case of 
Saxifraga. In such short periods of time (all at 5° C), 
no appreciable change in the primary hardiness factor 
would be expected. 

Cell sap concentrations were determined plasmo- 
lytically from the concentration of CaCl, just suffi- 
cient to cause incipient plasmolysis. Since this re- 
veals actual changes in the living cell, it is preferable 
to freezing point determinations which would give 
only an average value—including the glycerine in the 
non-living vascular tissues, etc. In order to reduce to 
a minimum the loss of glycerine to the plasmolysing 
solution, the determinatoins were made as quickly as 
possible—within about fifteen minutes. 

As a rough check of the plasmolytic method, the 


TABLE II 


INCREASE IN CELL SAP CONCENTRATION OF HARDENED 
CapsBaGe LEAvEs DvE To INFILTRATION WITH 
Morar GLyYceRINE 














Osmotic CELL SAP CONC, 
POTENTIAL, ATMS ATMS 
TIMES 
LEAF NO. INFIL- Catcu- 
vRATED BerornE AFTER MEAas- LATED 
INFIL- __INFIL- URED INCREASE 
TRATION TRATION INCREASE (FROM 
TABLE [) 
1 Once 19.9 25.2 53 48 6.0 
Twice ve 28.7 88 9.6-12.0 
2 (slightly 
hard- 
ened) Once 143 20.6 6.3 48 6.0 
3 Twice 20.3 28.7 84 9.6-12.0 
4 Once 21.9 25.2 33 48- 6.0 





TABLE III 


EFFECT OF INFILTRATION WITH Moar GLyYCERINE ON 
Frost Kittinc TEMPERATURE (Tx) 
oF CABBAGE LEAVES 











— ‘a Osmotic ts, °C 
a REAT- POTEN- ~~ 
——_ | re Sa, Cres eeee. Carcu- 
ATMS MINED LATED 
1.5 Control 20.25 stk - 7 
Infiltrated 
twice 27.0 1.34 -1l -10 
2.5 (whole 
plant) Control 21.9 7 - 7 
Infiltrated 
once 25.2 115 -95 - 85 
8 Control 25.2 6% -125 
Infiltrated 


once 32.3 1.25 -155 -155 





amount of glycerine solution taken up by the leaves 
was determined by weighing before and after infiltra- 
tion (table I). From these values it was possible to 
calculate the increase in cell sap concentration when 
all the glycerine had penetrated the cells. These cal- 
culated values agreed as well as can be expected with 
the plasmolytically determined values (table II). Sim- 
ilar checks with Saxifraga gave even closer agree- 
ment. Consequently, no serious error can have oc- 
curred due to loss of glycerine from the cells during 
the plasmolytic determinations. As a further check, 
CaCl, solutions containing the same partial pressure 
of glycerine as was calculated to be inside the cells 
gave the same osmotic potentials at incipient plas- 
molysis as did the pure CaCl, solutions. 

Frost hardiness was determined as follows. Both 
infiltrated and control leaves were suspended in a 
thermostatically controlled deep freeze at about — 5° C 
by inserting their labels into paper clips hanging from 
a string running from wall to wall. A thermometer 
was also suspended so that the bulb was at the same 
level and close to the leaves, and a thermograph just 
below them recorded the temperature. The cut sur- 
face of each petiole was immediately inoculated with 
snow to prevent undercooling. The leaves were al- 
ways frozen solid within an hour. The temperature 


TABLE IV 


EFFect OF INFILTRATION WITH Morar GLYcERINE ON 
Frost Kirtinc TEMPERATURE (Tx) oF SAXI- 
FRAGA CORDIFOLIA LEAVES 





Osmotic tee 





ee a TREAT- POTEN- Pees => Sp Sa 
—_ ae TIAL, ‘2/1 Deter- Catcu- 
; -ATMS MINED LATED 
6 Control 21.9 128 -16 ae 
Infiltrated 28.7 ae. — 20 20.5 
7 Control 18.6 1.5 -15 bi 
Infiltrated 28.7 eee -175 -225 
8 Control 18.6 1.5 - 13.5 di 
-17.5 - 20 


Infiltrated 


28.7 
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was then dropped at the rate of not more than 1° per 
hour. The leaves were kept at the desired freezing 
temperature long enough to reach equilibrium (2 to 
3 hrs). Two treated and two control leaves were then 
removed to the cold-room (3 to 5° C), the others were 
left in the chamber and the temperature dropped an- 
other one or two degrees. A second set was removed 
to the cold room and the temperature again dropped. 
In this way a range of temperatures was used. After 
94 hours for recovery in the cold room, the leaves 
were transferred to the laboratory and kept with their 
petioles in water for a week, after which the injury 
was estimated. A series of percentage injuries (e.g., 
0, 30, 70, 100%) enabled determination of the frost 
killing temperature—the temperature causing 50 % 
killing. In order to obtain as uniform leaves as pos- 
sible, leaves from the same nodes on similar plants 
were always compared. 


RESULTS 


In contrast to the results of earlier investigators 
(see 1), increasing the cell sap concentration always 
increased the frost hardiness (tables III and IV and 
fig 1). This can be explained by the fact that for the 
first time the plants used were already frost hardy. 
In all cases, the calculated values for the frost killing 
temperatures of the infiltrated cabbage leaves agreed 
with the experimentally determined values, within the 
limits of error of the method (table III). This was 
true for all degrees of hardening used, and whether 
excised leaves or whole plants were compared. In the 
case of Saxifraga, the calculated values were appar- 
ently slightly lower than the determined (table IV). 
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Fic. 1. Relative frost injury to control and glycerine- 
treated hardened leaves of Sazifraga cordifolia. No in- 
jury to control at - 12° C and to glycerine-treated leaves 
at -15°C, 50 and 100% injury to controls at -15°C, 
25 and 50 % injury to glycerine-treated leaves at - 17° C. 


The importance of these results is twofold: 

1. The osmotic effect of the solute completely and 
quantitatively accounts for the increase in frost hardi- 
ness. There is no place for any other effect, such as 
a protective one on the protoplasmic proteins. This 
method should then be applicable to test the role of 
sugars in hardiness. 

2. The increased solute content lowers the tem- 
perature survived and therefore the degree of dehy- 
dration (i.e., the vapor pressure) tolerated. But the 
calculated amount of ice formed is the same; there- 
fore, it does not alter the amount of dehydration tol- 
erated—i.e., the tolerance of frost dehydration. These 
then are two distinct factors in frost hardiness. 

The slight discrepancy in the case of Saxifraga can 
be explained in two ways. (a) It must be remem- 
bered that at the lower temperatures required to kill 
these plants, the values for the sucrose solutions from 
which the theoretical frost killing points are derived 
are based on extrapolation and not on experiment 
(Levitt, 1956). But this error would be expected to be 
in the opposite direction—i.e., the extrapolated values 
are probably not low enough. (b) The cells’ tolerance 
of dehydration cannot be completely independent of 
temperature. The lower the temperature, the stiffer 
the protoplasm must become (even if the hydration is 
constant) and the more readily it can be injured me- 
chanically. Consequently, we can expect a slight de- 
crease in tolerance of dehydration with drop in tem- 
perature, particularly at the lower temperatures since 
the dehydration is more severe. 


SUMMARY 


1. Hardy plants of both cabbage and Sazifraga 
cordifolia showed very definite increases in frost hardi- 
ness (2 to 6° C) as a result of infiltration with molar 
glycerine solutions, followed by evaporation of the 
water so absorbed. 

2. In the case of cabbage, the increases in hardi- 
ness agreed very well with the calculated increases on 
the basis of a purely osmotic effect. In the case of 
Saxifraga, the increases were somewhat less than 
expected. 

3. It is suggested that the results with Saxifraga 
are related to the lower temperatures that this plant 
can survive. The increased stiffening of the proto- 
plasm with the drop in temperature may partly 
counteract the osmotic protection by slightly reducing 
the tolerance of dehydration. 


This investigation was made possible by a grant 
from the University of Missouri Research Council for 
the purchase of the freezing chamber. The author 
would also like to express his appreciation to the 
Glycerine Producers Association for the donation of 
the glycerine used in these experiments. 
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ALTERING THE PIGMENTS PRODUCED BY TYROSINASE AND 
ORTHO-HYDROXYPHENOLS WITH A META-HYDROXY- 
PHENOL, 4-CHLORORESORCINOL!? 
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Tyrosinase oxidizes o-hydroxyphenols to form pig- 
ments. Substances such as chelating agents and struc- 
tural analogues of o-hydroxyphenols (2) can prevent 
the formation of pigment as inhibitors. Other com- 
pounds such as £-keto (6) and amino acids (4) alter 
the color produced. The latter are of interest be- 
cause they are not inhibitors in a strict sense and 
because in certain biological reactions, as in the pro- 
duction of brown pigment in the curing of tobacco 
leaves, a control of the quality as well as the quantity 
of color is desirable. Therefore, a knowledge of the 
kinds of compounds that can alter the quality and of 
how these compounds produce their effects is useful 
from a practical as well as theoretical point of view. 

Such knowledge could lead to an understanding of 
how a wide variation in color arises in the discolora- 
tion of woody tissues caused by fungi in plant dis- 
eases and related problems. The brown vascular dis- 
coloration which is a prominent symptom of Fusarium 
wilt of tomato is probably a result of tyrosinase ac- 
tivity (1). Vascular discoloration by other wilt patho- 
gens may occur by similar mechanisms. If other com- 
pounds affect the quality of pigment formed by tyro- 
sinase acting upon its natural substrate, one may be 
able to answer certain questions. Why does Verticil- 
lium albo-atrum produce brown pigments when it at- 
tacks solanaceous hosts but green ones when it attacks 
maple? Why does Ceratostomella ulmi produce 
brown discoloration in elm while C. ips produces a 
blue stain in lumber? Perhaps the cause of discol- 
oration in all such cases is oxidation of o-hydroxy- 
phenols by oxidase and the presence of small amounts 
of other compounds causes color to be altered from 
brown to red, green, or blue. 

The present studies were begun when the m-hy- 
droxyphenol, 4-chlororesoreinol, when added to tyro- 
sinase plus an o-hydroxyphenol was found to produce 
a red rather than a brown color. 4-Chlororesorcinol 
is known to prevent pigment formation from 3,4-di- 
hydroxyphenylalanine and catechol (3,7). But when 
tyrosinase acts on chlorogenic acid, the addition of 
4-chlororesorcinol changes the color of the pigment 
produced. Thus alteration of the color, and pre- 
sumably the pigment, depends not only upon the en- 
zyme but upon the substrate as well. Our experi- 
ments suggests how these events occur with known 
substrates and with ones that occur naturally. 


1 Received October 1, 1956. 
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MATERIALS AND METHODS 


Thick peels of washed Katahdin potato tubers were 
used as a source of tyrosinase. The peels were chilled 
to 0° C and homogenized in 3 ml of 0.1 M pH 7 so- 
dium phosphate per gm wet weight of tissue and cen- 
trifuged. The clear supernatant fluid was dialyzed 
against distilled water. This preparation was free 
from peroxide as shown by its failure to oxidize hy- 
droquinone without added H,O.. Chromatographi- 
cally pure chlorogenic acid was furnished by General 
Foods, Ine. Catechol was purified by sublimation. 
3,4-Dihydroxyphenylalanine and 4-chlororesorcinol 
were Eastman white label grade. 

The reactions of known substrates and 4-chloro- 
resorcinol were followed by chromatographing sequen- 
tial, 0.05-ml aliquots of the solutions. The reactions 
were stopped by drying. Ascending chromatograms 
on No. 3 Whatman paper were developed overnight 
in the organic phase of butanol - acetic acid - water 
(4:1:5). The chromatograms were examined under 
visible and ultraviolet (254 My maximum) light and 
sprayed with modified Folin-Denis reagent (5) or with 
ninhydrin reagent. Compounds were identified by 
color and by R,y values. The relative quantities of 
each compound were estimated by ranking in the or- 
der of density of color. 

Darkening due to naturally occurring substrates, 
enzymes, and pH was studied in potato tubers be- 
cause they contain tyrosinase and the 2 substrates, 
3,4-dihydroxyphenylalanine and chlorogenic acid, with 
no pigment which would obscure color formation. 
Two ml of 0.01 M 4-chlororesorcinol solution was 
added to 2 gm of peel in a mortar. The peel was 
bruised to initiate darkening and the mixture trans- 
ferred to a vial with the aid of 2 ml of water. After 
24 hours at room temperature the fluid was decanted, 
centrifuged, and examined in a spectrophotometer. 

RESULTS 

One-half ml of enzyme in 1.5 ml of solution con- 
taining 1 millimolar chlorogenic acid and 0.07 M phos- 
phate buffer, pH 6.3, caused the solution to become 
brown. If 1 millimolar 4-chlororesorcinol was also 
present, the solution became red. If either the en- 
zyme or chlorogenic acid was omitted, no color change 
occurred. The rate of these changes was followed 
chromatographically (table I). As expected, the 
brown pigment at R; =0 arose from oxidation of chlo- 
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rogenic acid. A pigment with R; = 0.7 appeared on the 
chromatograms as a red spot under ultraviolet light 
when the red solutions were chromatographed. This 
pigment apparently arose from both 4-chlororesorcinol 
and chlorogenic acid, but less chlorogenic acid was oxi- 
dized than when 4-chlororesorcinol was absent. 

The pigment changed rapidly during the first few 
minutes. It was not feasible to stop the reaction by 
boiling because of the sensitivity of the red pigment 
to heat. For this reason the absorption spectrum 
after 11 minutes of reaction was approximated as fol- 
lows: spectrographic observations of the pigment 
formed from 0.33 millimolar chlorogenic acid and 0.33 
millimolar 4-chlororesorcinol by 0.1 ml of crude en- 
zyme in 3 ml of solution were begun after 6 minutes. 
The first observation was made at a wave-length of 
400 mu. Then observations were taken as rapidly as 
possible at increasing wavelength until 600 mp was 
reached. The order of reading was next reversed and 
400 mp was reached after 16 minutes of reaction. 
The 2 readings taken at each wavelength were aver- 
aged to obtain the spectrum at 11 minutes. The 
spectrum revealed a plateau from 400 to 450 mp and 
a rounded peak at 490 my. As time passed, the op- 
tical density at 400 to 430 my rose while that at 490 
my showed little change. Thus, the initial, brilliant 
red color of the solution became more brown. Hence, 
the ratio of the density at 500 my to that at 400 mp 
provides a measure of the amount of red pigment 
relative to the amount of brown pigment. 

The optimal concentration for formation of red 
pigment from chlorogenic acid and 4-chlororesorcinol 
was determined (table Il). High ratios of optical 
densities at 500 mp to those at 400 mp show that the 
highest relative concentrations of red pigment were 


TABLE [ 


PigMENTS ForMED FROM CHLOROGENIC ACID AND 4-CHLORO- 
RESORCINOL RANKED FoR EACH SUBSTANCE ACCORDING 
To Density or Coton oN A CHROMATOGRAM 














Rr 
Reac- 4-C - 070 
TK > aoe 0.95 , “ 0.65 0 
el gen 4-CHLORO- is CHLor0o- Brown 
TIME NOL : FLUORES- ‘ 
RESORCI- anes GENIC PIG- 
NOL cme ==? MENT 
min mM Ranks * 
0 0 0 0 45 2 
0 1 4 0 45 2 
1 0 0 0 1 5.5 
1 1 3 0 3 2 
10 0 0 0 0 7 
10 1 2 0 2 4 
100 0 0 0 0 8 
1 1 1 0 5.5 


100 





The reaction mixture contained 0.5 ml crude enzyme, 
1 millimolar chlorogenic acid, and 0 or 1 millimolar 
4-chlororesorcinol in 0.07 M, pH 6.3, sodium phosphate, 
with a final volume of 1.5 ml. 

* Ranks assigned from zero for none to the highest 
number for the most dense color for the compounds ob- 
served on the chromatograms. 


TABLE II 


Ratio or Optica, DENSITY oF SOLUTION AT 500 My AFTER 
3 MINutTEs To THAT AT 400 Mu AFTER 2 MINUTES 


. bs al 4-C HLORORESORCINOL, MM 
CHLOROGEN It bite) eon 


acip, MM 33 033 0.033 0 
33 12 0.66 0.25 0.16 
033 0.75 12 071 0.17 
0.033 0.52 0.78 0.72 0.14 


0 No color 





The reaction mixture contained 0.1 ml crude enzyme 
in 0.07 M, pH 63, sodium phosphate. 


produced with high and equal concentrations of sub- 
strate and 4-chlororesorcinol. 

A test was made of the effect of 4-chlororesorcinol 
upon the formation of pigment from 3,4-dihydroxy- 
phenylalanine. The methods were the same as for 
the experiment summarized in table I with 1 milli- 
molar 3,4-dihydroxyphenylalanine replacing chloro- 
genic acid. 3,4-Dihydroxyphenylalanine disappeared 
rapidly in the presence of the enzyme, and a dark pig- 
ment appeared. However, when 4-chlororesorcinol 
had been added, no decrease in either 4-chlororesor- 
cinol or substrate could be seen after one hour. No 
new pigment was formed. 

4-Chlororesoreinol also influenced the action of 
tyrosinase upon its classical substrate, catechol. In a 
similar experiment, 4-chlororesorcinol delayed the dis- 
appearance of catechol and the appearance of brown 
pigment. A new, green pigment appeared at Rr= 
0.03. However, the concomitant decrease in substrate 
and 4-chlororesorcinol as shown by a chromatogram 
was too small to reveal the source of the new pigment. 

The color changes with naturally occurring sub- 
strates and enzymes, i.e., in potato peels, were pre- 
dicted from the results of the preceding experiments 
with known substrates. The production of red pig- 
ment above required equal amounts of substrate and 
4-chlororesorcinol. The 2-gm fresh weight of peel 
used contained 2 to 4 micromoles of chlorogenic acid 
(5). Twenty micromoles of 4-chlororesorcinol in the 
solution were expected to diffuse into the site of re- 
action in the peel to the extent of 2 to 4 micromoles 
and cause a red color to appear rather than the brown 
one produced in untreated peel. This was expected 
because the normal conversion of chlorogenic acid into 
brown pigment would be diverted to the formation of 
a red one and the normal conversion of 3,4-dihydroxy- 
phenylalanine into blue pigment would be inhibited. 

Untreated, crushed peels produced a brown, water- 
soluble pigment in 24 hours. The absorption spec- 
trum of the centrifuged solution showed a smooth, 
rapid decrease of density at increasing wavelengths in 
the visible range. Crushed peels treated with 4-chlo- 
roresorcinol produced a pink, water-soluble pigment 
in 24 hours. The absorption spectrum of this solu- 
tion showed a plateau from 435 to 490 my. Further, 
the optical densities of the treated sample were less 
in the 400-500 my region than those of the untreated 
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one showing that the quantity of pigment had been 
decreased. 

Crushed peels which had stood for 96 hours were 
macerated by bacteria, undoubtedly Erwinia caroto- 
vora. The untreated peels became black, while the 
peels treated with 4-chlororesorcinal remained pink. 


Discussion 


The color as well as the quantity of the pigment 
formed by tyrosinase was controlled by 4-chlorore- 
sorcinol. Whether the quantity was decreased by in- 
hibition or whether an entirely new pigment was 
formed depended upon the substrate and its concen- 
tration. In the case of 3,4-dihydroxyphenylalanine, 
Kull et al (7) have already shown that 4-chlororesor- 
cinol inhibits the formation of pigment. In the case 
of catechol, Heymann et al (3) have shown that low 
concentrations of 4-chlororesorcinol inhibit oxidation 
and a transitory, red pigment appears; in our experi- 
ments a green pigment appeared when higher con- 
centrations of the inhibitor were used. In the final 
case, our results show that a red pigment appears 
when chlorogenic acid is acted upon by tyrosinase in 
the presence of an equal concentration of the inhibitor. 
Thus, 4-chlororesorcinol is valuble for demonstrating 
the action of tyrosinase in a naturally occurring sys- 
tem as was shown in the experiment with potato peel. 

The effect of 4-chlororesorcinol in decreasing dark- 
ening and causing the formation of a new pigment 
may have an application in the processing of such 
things as tobacco, tea, and coffee. The results will 
depend upon the identity and amount of polyphenols 
present. . For example, M. Zucker (unpublished re- 
search) has found that the addition of 4-chlororesor- 
cinol to tobacco leaf homogenates causes a red rather 
than a brown pigment to be produced. 

A symptom of disease may be incidental to or a 
major cause of injury to the host. In the case of 
the potato tuber decay, 4-chlororesorcinol prevented 
blackening without interrupting the major series of 
events that led to offensive odor and rotting of tubers. 
We conclude that blackening is a side event that need 
not occur before the host can be critically injured. 
The same would be true in wilt diseases such as Fu- 


sarium wilt of tomato if the discoloration can be pre- 
vented and yet the plant wilts and dies. On the 
other hand, in a fungal damage such as blue stain of 
wood products the discoloration is the major damage; 
here prevention of discoloration would prevent any 
loss. 


SUMMARY 


4-Chlororesorcinol forms a red pigment instead of 
the usual brown one which is produced when tyrosi- 
nase acts upon chlorogenic acid. The disappearance 
of chlorogenic acid was slower than 4-chlororesorcinol 
was added, but both compounds were consumed as 
the red pigment was farmed. The red pigment was 
produced in highest relative concentrations when 
equivalent amounts of substrate and the m-hydroxy- 
phenol were present. Darkening of potato tuber 
peels due to crushing or decay was decreased by 4- 
chlororesorcinol and pink pigment was produced in- 
stead. The change in pigments has implications and 
applications in plant processing and disease. 
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THE EFFECT OF 2,4-DICHLOROPHENOXYACETIC ACID ON THE 
ACCUMULATION OF MINERAL ELEMENTS 
IN TOBACCO PLANTS?:? 
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Since the discovery of the herbicidal action of 
growth regulators such as 2,4-dichlorophenoxyacetic 
acid (2,4-D), there has been much information ob- 
tained concerning the herbicidal mechanism. The ac- 
tion of 2,4-D on organization, physiology and chemical 
changes of cells and tissues has been studied (6, 7, 8, 
9, 10). Several experimenters (2, 5, 6, 9) on dif- 
ferent plants have found that 2,4-D induces rapid 
depletion of carbohydrate reserves. Some information 
has been presented on accumulation of mineral ele- 
ments in plant parts as affected by applications of 
growth regulators at higher concentrations (5). Less 
information is available concerning the action of 
growth regulators on mineral uptake of plants and 
such information is somewhat contradictory (7, 8, 10). 
Additional investigation is needed on the effect of soil 
applications of 2,4-D in herbicidal concentrations on 
the mineral intake of a vigorously growing plant. 

Wolf et al (10) reported that higher levels of ni- 
trate in the substrate increased the sensitivity of soy- 
beans to toxic concentrations of 2,4-D. Rhodes, Tem- 
pleman and Thruston (9) found that rape treated 
with 2-methyl, 4-chlorophenoxyacetic acid (MCPA) 
failed to accumulate potassium in the tops altho there 
was accumulation in tops of untreated plants. There 
were no observable effects on phosphorus intake. To- 
mato plants treated with MCPA, accumulated potas- 
sium in the roots but not in the tops. The total in- 
take by the entire plant was reduced. Similar but 
less obvious trends in accumulation of phosphorus 
and total nitrogen were also noted in tomato plant 
treated with MCPA. No influence on calcium and 
magnesium content of treated tomato plants was 
noted. Wolf et al (10) found that soybeans grown 
on a high nitrate substrate took up less sulfur and 
phosphorus when the roots were treated with 2,4-D. 
They also found potassium content lower and calcium 
content higher in leaves of treated plants, altho when 
stem and leaves were combined, differences largely 
disappeared. 

Loustalot et al (4) have shown an increase of 
phosphorus content of white bean plants treated with 
2,4-D. Rebstock et al (7) noted that total phos- 
phorus in cranberry bean plants treated with 2,4-D 
was less than in non-treated plants. 

Young seedlings of tobacco var. Common Havana 
were selected for uniformity and planted into eight- 
inch pots of sand to which had been added a complete 


1 Received January 22, 1957. 
2 Michigan Agricultural Experiment Station Journal 
Article 2009. 
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fertilizer. Dilutions of major nutrient mineral ele- 
ments were applied to the soil of each plant weekly 
to maintain near maximum growth. The plants were 
grown to a height of twelve inches and then arranged 
in two groups of ten each. 

Since Wolf et al (10) had reported that sensitivity 
to 2,4-D is closely correlated with nitrogen nutrition, 
each plant received an equivalent amount of a solu- 
tion of ammonium sulfate and potassium nitrate 
poured into the sand around the plant three days 
previous to treatment. Each of five plants of each 
group were given 50 ml of a 0.1 % solution of sodium 
salt of 2,4-dichlorophenoxyacetic acid poured into the 
sand around the plant. The remaining five plants of 
each group were used as controls and received no 
2,4-D. No additional nutrients were added after 
treatment with 2,4-D. The plants were harvested 
two weeks after treatment, dried and analyzed for 
mineral content. Sodium and potassium were deter- 
mined by flame photometric methods (1). Remain- 
ing elements were determined by spectro-chemical 
methods (Bacon, R. A. and Bass, S. T., unpublished). 


TABLE I 


MINERAL CONTENT oF Tosacco PLANTS AS AFFECTED BY 
2,4-DICHLOROPHENOXYACETIC ACID 








TREATED REPLICATES UNTREATED REPLICATES 











ELEMENTS re 
Top Root Top Roor 
%o dry wt 
Boron 0.0028 0.0123 0.0017 0.0103 
0.0022 0.0126 0.0018 0.0114 
Calcium 2.60 3.27 2.47 2.93 
2.33 4.02 2.53 1.80 
Copper 0.0057 0.0096 0.0030 0.0178 
0.0014 0.0061 0.0016 0.0193 
Iron 0.0530 0.7116 0.0302 0.6143 
0.0357 0.8252 0.0279 0.7218 
Magnesium 0.791 1.34 0.769 137 
0.715 1.36 0.852 0.963 
Manganese 0.0070 0.0185 0.0079 0.0185 
0.0062 0.0199 0.0079 0.0200 
Potassium 1.94 1.81 2.57 1.79 
1.76 1.86 2.97 1.48 
Phosphorus 0.167 0.303 0.259 0.326 
0.159 0.363 0.318 0.371 
Sodium 0.029 0.097 0.061 0.106 
0.035 0.083 0.061 0.143 
Zine 0.0074 0.0099 0.0065 0.0064 


0.0056 0.0055 0.0066 0.0052 








Plant tops of treated plants contained a lesser per- 
centage of potassium, sodium, and phosphorus and a 
greater percentage of boron and iron than did the un- 
treated plants, table I. Roots of treated plants ac- 
cumulated more calcium and less copper than roots 
of untreated plants. There was little or no differ- 
ence in accumulation of calcium, copper, magnesium 
and zine in tops of the plants nor in accumulation of 
boron, potassium, magnesium, manganese, and phos- 
phorus in roots of the plants as between treated and 
untreated plants, table I. 

Plant roots contained greater percentages of boron, 
copper, iron, magnesium, manganese, sodium, and 
phosphorus than plant tops in both treated and un- 
treated plants. Calcium accumulated to a greater 
amount in roots than in tops of treated plants, altho 
no differences were noted in untreated plants. Potas- 
sium accumulated to a greater extent in tops than in 
roots of untreated plants, while no differences were 
noted in treated plants. 

The content of phosphorus in the tops of the treated 
plants is much less than that of untreated plants. 
Grizzard et al (3) has demonstrated that rate of 
growth of tobacco parallels the rate of absorption of 
phosphorus. 

The content of potassium in the tops of treated 
plants was 2/3 that of untreated plants. 


SUMMARY 


Information on the action of growth regulators on 
mineral uptake of plants is rather scarce and some- 
what contradictory. 

Fifty ml of a 0.1% solution of sodium salt of 
2,4-D was poured into the sand around young tobacco 
plants grown in sand in eight-inch pots. Two weeks 
later plants were harvested, dried and analysed for 
mineral elements. 

Content of phosphorus and potassium in the tops 
of treated plants was much less than in the tops of 
untreated plants. 

Calcium accumulated to greater amount in roots 
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than in tops of treated plants, but there was no dii- 
ference in accumulation of calcium in roots and tops 
of untreated plants. 
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A DARKROOM SAFELIGHT FOR RESEARCH IN PLANT PHYSIOLOGY ?:? 


R. B. WITHROW anv L. PRICE 
SMITHSONIAN INSTITUTION, WASHINGTON, D. C. 


The selection of a suitable safelight system for 
handling plant material in the darkroom always has 
been a difficult problem. This is especially true for 
studies of chlorophyll synthesis and the photocontrol 
reactions of phototropism and photomorphogenesis, 
where measurable plant responses are obtained at 
very low irradiances near the threshold of vision. 
Most investigators of phototropism and auxin physi- 
ology have used a red safelight which emits energy in 


1 Received January 22, 1957. 
2 Published with the approval of the Secretary of the 
Smithsonian Institution. 





the general region of from 600 my out into the infra- 
red, since the phototropic action spectrum has its 
maximum in the blue and negligible response in the 
orange, red and infrared, and because the classical 
organ for such studies, the Avena coleoptile, requires 
a pre-exposure to red radiant energy for suppression 
of the mesocotyl. 

This practice is open to serious question in view of 
the observations by Kent and Gortner (5) that, in 
the pea test, little curvature in response to alpha- 
naphthalene acetic acid was secured without a pre- 
exposure to red radiant energy. Klein, Withrow and 
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Elstad (6) found that the concentration of externally 
applied auxin required to produce a specified angle of 
the hypocotyl hook of bean was dependent on the 
dose of red energy. Conversely, it was demonstrated 
that the radiant energy required to produce a given 
hook-opening response was related to the external 
supply of auxin, i.e., the higher the level of auxin, the 
higher the incident energy required. Plant materials 
to be used in studies of this type usually are exposed 
to a safelight for varied and unmeasured periods of 
time depending upon the speed with which the opera- 
tor can carry out the manipulations. This introduces 
an unknown variable which may condition the re- 
sponse. 

Within the past five or six years, quite a few in- 
vestigators have used green safelights, including Koski 
et al (7) for chlorophyll synthesis and Curry et al (3) 
for phototropism. However, the spectral characteris- 
tics of the system have usually not been specified. 
Nitsch and Nitsch (8) employed a green safelight de- 
vised by C. Yocum. This consisted of a green fluo- 
rescent lamp wrapped in three layers of “amber” and 
“green” cellulose acetate. Dr. Yocum (private com- 
munication, February, 1957) has indicated that little 
phototropie curvature resulted when Avena coleop- 
tiles were exposed two inches from the source for one 
hour. He states that some red is visible with this 
source and, therefore, it would not appear to be satis- 
factory for studies involving the red, far-red group of 
reactions. 

To be adaptable for a range of photobiological 
investigations, a safelight should have its maximum 
transmission near the region of maximal spectral sen- 
sitivity of the human eye and should exclude those 
wavelengths inducing phototropism, chlorophyll syn- 
thesis or photomorphogenesis. Weaver (10) and 
others have shown that the dark-adapted eye has 
maximum sensitivity at 510 mp while the light- 
adapted eye, i.e., one which has been exposed to rela- 
tively high light intensities, has its maximum sensi- 
tivity at 555 my. When working under the lowest 
possible light intensities, the dark-adapted eye is color 
blind and makes use of rod vision only. Its spectral 
sensitivity is given in figure 1. It will be noted that 
the sensitivity in the green at 510 my is from 100 to 
1000 times greater than in the orange-red. For the 
same visibility, it is possible to use a very much lower 
irradiance in the green than in the orange and red. 

The processing of photographic material presents a 
problem similar to that of handling photosensitive 
plant materials. With orthochromatic emulsions, 
which have little orange and red sensitivity, an orange 
safelight is used. Panchromatic materials are sensi- 
tive throughout the entire visible spectrum and it is 
essential to use a safelight which yields maximum 
visibility per unit of transmitted energy. In this case, 
a green safelight is recommended. The green Wrat- 
ten-type safelight filters designed for use in handling 
film, however, transmit in the far-red. The commer- 
cial safelight filters which have been tested in this 
laboratory begin to transmit just beyond 720 my. 





They are not, therefore, very suitable for handling 
plant material to be used in photomorphogenic studies, 
especially with incandescent sources, since photoin- 
activation of this process has its maximum activity 
in the general region of from 700 to 750 my (1, 12, 
13). 

The curves of figure 1 present the action spectra 
for the principal plant photochemical reactions, to- 
gether with the spectral sensitivity of the dark- 
adapted eye taken from the data of Weaver (10). It 
will be noted that the phototropic action spectrum 
(4) falls to a minimum at about 520 mu, while the 
maximum sensitivity of the dark-adapted eye is at 510 
my. In the region of 500 to 550 my, there is a gen- 
eral low level of sensitivity for chlorophyll synthesis 
(7), photosynthesis (2), and photomorphogenesis (6, 
12. 13}. 

The safelight we have devised for our work con- 
sists of two General Electric green fluorescent lamps 
filtered with dyed-gelatin films which we prepare in 
our laboratories according to the methods described 
previously (11). This safelight has been mentioned 
in a previous publication (6), but it has given us 
such excellent service for a variety of research prob- 
lems that we feel it merits a more detailed descrip- 
tion. The first filter (A, table I) we prepared was 
very satisfactory for red photomorphogenic studies 
but a weak bending response in Avena coleoptiles was 
excited. This filter was modified by adding more of 
the yellow dye and less of the green, so as to shift the 
band about 10 my to the longer wavelengths. These 
filters have been used for over six years in studies of 
photomorphogenesis and about one for phototropism. 
Transmission is from 500 to 550 my for filter A, and 
510 to 580 my for filter B. The shaded curve of fig- 
ure 1 gives the calculated relative spectral distribu- 
tion of the combination of a green fluorescent lamp 
and two films of filter A. From figure 2 it can be 
seen that the green fluorescent lamp is a much more 
suitable safelight source than the incandescent lamp, 
especially for investigations involving the photomor- 
phogenic red and far-red reactions. The incandescent 
lamp has its maximum energy in the infrared; this 
would be of little consequence except that organic 
dyes transmit freely in the near infrared and most of 
them in the far-red. With the green fluorescent lamp, 
the problem is minimized because there is little en- 
ergy in the longer wavelengths except for that from 
the incandescent cathodes. 

The transmittances of two safelight filters are 
given in table I, together with the formulas for their 
preparation. The filters do not begin to transmit in 
the infrared until about 800 mp. This has been 
achieved by adding high concentrations of naphthol 
green B. Since the green transmission band of naph- 
thol green B is broad, tartrazine and pontacyl green 
BL were added to narrow the band to the desired 
limits. The combination of the three dyes is dissolved 
in a solution of gelatin, sorbitol and sodium benzoate 
at the rate of 0.3 mg of each dye per cm? of gelatin- 
film surface. One film of filter A of 1000 cm? area 
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Fig. 1 (above). Action spectra of various biological photochemical reactions and spectral energy distribution 


of the safelight. 


Fic. 2 (below). Spectral transmittance of safelight filter and relative emission of green fluorescent and incan- 


descent lamps. 


may be prepared as follows: dissolve 300 mg each of 
the three dyes, 8 gm sorbitol, 15 mg benzoate and 1 
ml ammonium hydroxide in sufficient hot water to 
make a total volume of 200 ml. Cool to room tem- 
perature and add 23 gm food grade gelatin. The mix- 
ture is then heated on a water bath to about 60° C, 
poured onto a level glass plate and allowed to dry. 
We use two films in each safelight filter to eliminate 


possible leakage through pinholes or thin spots due 
to air bubbles formed during the casting. 

One simple method of mounting the films is to 
wrap two layers around a small fluorescent lamp and 
exclude any emission from the ends of the tube by 
black tape. Films do not stand up for extended 
periods under these conditions, but the method is 
simple and they can be used for short periods in 
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TABLE I 


PERCENT TRANSMITTANCE (T) AND COMPOSITION OF 
SINGLE AND DousLe FILMs OF THE 
SAFELIGHT FILTERS 














WAVELENGTH, Fitter A Fitter B 
-_ 1Pry 2Pry 1Pry 2Pry 
320 0 0 0 0 
480 0 0 0 0 
490 0.1 0 0 0 
500 08 0.006 0 0 
510 3.9 0.15 0.2 0 
520 73 0.53 47 0.22 
525 7.5 0.56 88 0.78 
530 68 0.46 13.0 iz 
540 38 0.14 16.0 26 
550 1.5 0.023 14.0 2.0 
560 0.2 0.004 79 0.62 
570 0 0 Ie 0.14 
580 0 0 1.0 0.01 
590 0 0 0.2 0 
600 0 0 0 0 
760 0 0 0 0 
780 0.1 0 0.1 0 
800 0.2 0 0.2 0 
820 0.6 0.004 0.6 0.004 
84 1.5 0.02 15 0.02 
860 3.5 0.12 3.5 0.12 
880 8.5 0.72 8.5 0.72 
900 19.0 3.6 19.0 36 





Composition of one ply of a two-ply filter: 
Dyes, duPont fabric A B 
Naphthol green B (C.I.* 5) 
Pontacyl green BL, 200% 

3 2 a aeerree 


03 0.3 mg/cm? 
03 0.1 mg/cm? 


Tartrazine (C.I. 640) ..... 03 1.0 mg/cm? 
Gelatin solution 
Gelatin, food grade ....... 150 gm 
a eee 50 gm 
Sodium benzoate ......... 1 gm 
ee ee 1000 ml 
Rate of pouring ..:......... 0.2 ml/em* 


*C.I.= Colour Index (9). 


rooms at moderate humidity. Coating the film with 
a clear plastic, such as photographic film lacquer, is 
of considerable help in preventing deterioration under 
high humidity conditions. A second method is to 
mount the two filter plys between two glass panes, to- 
gether with one or more layers of diffusing material, 
such as tracing or filter paper. The paper diffuses 
the light and eliminates bright areas in the back- 
ground. The assembly can be taped together with 
black plastic electrical or photographic tape and 
mounted on the front of a box containing two 15-watt, 
18-inch green fluorescent lamps. The box for the 
lamps can be made from a 3” x 10” x 23” standard 
electronic steel chassis. A convenient fluorescent fix- 
ture is the lighting strip type in which the ballast is 
mounted in a small narrow metal case with a lamp 
on the outside. Most of these units are narrow 
enough to fit inside a 3-inch deep electronic chassis. 
The open side (bottom) of the chassis is then used 
for mounting the filter assembly. A third method 
which we use is to mount the glass-enclosed safelight 
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filter in a table top; this gives an excellent working 
surface for the handling of plant material. The use 
of two fluorescent lamps reduces the possibility of 
total lamp failure in the middle of an experiment. 

The light intensity required for just barely seeing 
such materials as Avena coleoptiles and bean hooks 
ranges from 0.01 to 0.1 ft-c. At 0.1 ft-c with filter A, 
bean hooks can be exposed for about one hour with- 
out any significant hook opening response (6). An 
exposure to 0.1 ft-c for two hours from the B filter 
induced no phototropic curvature in Avena. One can 
work with moderate ease on a clean white surface 
with only 0.01 ft-c if red goggles have been worn for 
a half hour or more prior to working in the dark- 
room. Red goggles for dark-adapting the eyes are 
available from hospital supply houses, since this is the 
technic used by radiologists who need to dark-adapt 
their eyes for seeing the weak images of an x-ray 
fluorescent screen. 


SUMMARY 


A safelight for darkroom handling of plant mate- 
rial is described. During extensive tests it has been 
found without effect on phototropic bending of the 
Avena coleoptile, on photomorphogenesis in bean and 
pea seedlings and in chlorophyll synthesis. It has its 
maximum transmission in the region of maximal sen- 
sitivity of the human eye. 

The safelight consists of one or more green flu- 
orescent tubes and a dyed-gelatin filter. The compo- 
sition of the filter can be varied so as to shift the 
transmission region either toward the blue or red, de- 
pending on the problem under investigation. 
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AMERICAN SOCIETY OF PLANT PHYSIOLOGISTS, 
Southern Section: At the annual meeting in Birming- 
ham, Alabama, February 4 to 6, 1957, the Southern 
Section of the American Society of Plant Physiologists 
elected the following officers: James L. Liverman 
(Texas Agricultural Experiment Station), Chairman; 
Aubrey W. Naylor (Duke University), Vice-Chair- 
man; Howard J. Teas (University of Florida), Secre- 
tary-Treasurer. The directors chosen were Wayne C. 
Hall (Texas A. and M.), D. E. Davis (Alabama Poly- 
tech.), J. B. Whitney (Clemson College) and D. R. 
Ergle (U. S. Dept. Agriculture, Texas Agricultural 
Experiment Station). These officers took office im- 
mediately following the meeting and will serve until 
after next year’s meeting in Little Rock, Arkansas. 

We had a very outstanding meeting this year with 
thirteen contributed papers and a fine symposium on 
plant growth substances and on photoperiodism with 
ten papers. T. J. Marth (U. 8. Dept. Agriculture, 
Beltsville) spoke on the effects of gibberellic acid in 
controlling plant growth and R. B. Withrow related 
experiments on the effect of light in controlling plant 
growth. W.N. Dannenburg gave a paper on the bio- 
synthesis of indoleacetic acid from tryptophan and 
8. P. Johnson presented a paper on the effects of red 
and far-red light on plants growing in the south- 
western United States. A joint symposium with the 
American Society of Agronomy concerned minor ele- 
ment nutrition and irrigation. Our speakers on this 
symposium were Howard Joham (Texas Agricultural 
Experiment Station), who spoke on molybdenum in 
the growth of cotton and W. M. Dugger, Jr. (Univer- 
sity of Florida), who talked of his research with 
boron. 

Our first day’s session with contributed papers had 
about 60 people in attendance at each presentation. 
On the second day, the number had dwindled to be- 
tween 20 and 40 depending upon the particular paper. 

We had our annual breakfast on the morning of 
Wednesday, February 6th, at which our business 
meeting was held. We are planning for a big year 
next year at Little Rock and are already contacting 
members with regard to this meeting—JAameEs L. 
LiveRMAN, Chairman. 


Tosacco LivrerATuRE Service: North Carolina 
State College recently announced the establishment of 
the world’s first Tobacco Literature Service, and the 
publication of its first volume of Tobacco Abstracts, 
now being distributed on an international basis. 

The College points out that this is a joint under- 
taking of the D. H. Hill Library and the Agricultural 
Experiment Station. It will maintain its headquarters 
in the Library and will be financed largely by the 


NEws AND NOTES 


Experiment Station. 


Miss Margaret Drenowatz, a 
native of New Jersey and a graduate of Rutgers Uni- 
versity Library School, has been named full-time head 
of the unique Tobacco Literature Service. 

The Service will assemble and publish abstracts of 
literature on tobacco for distribution to tobacco scien- 


tists throughout the world. It also will provide li- 
brary staff service at State College for any tobacco 
scientist. 

It was pointed out that the idea for the Literature 
Service developed as an outgrowth of a need expressed 
by tobacco scientists at State College for assistance in 
assembling and reviewing technical literature for to- 
bacco in the various fields of science. Dr. Ralph 
Shaw, Professor of Library Science at Rutgers Uni- 
versity, President of the American Library Associa- 
tion, and former Director of the U. S. Department of 
Agriculture Library, is a consultant on this project. 

The monthly issues of Tobacco Abstracts are being 
made available to libraries in the United States and 
in certain other countries. Those interested in sub- 
scribing to Tobacco Abstracts may do so by writing 
to the Tobacco Literature Service, D. H. Hill Library, 
North Carolina State College, Raleigh, North Caro- 
lina.—H. T. Scorte.p. 


Topacco AsstrActs, INTRODUCTORY IssuE—Tobacco 
Literature Service, D. H. Hill Library, North 
Carolina State College. Agricultural Experi- 
ment Station, North Carolina State College, 
Raleigh, North Carolina. 32 pages. Decem- 
ber, 1956. 

Numbered abstracts and citations from world 
literature on Nicotiana have been culled from the fol- 
lowing sources: Agricultural and Horticultural Engi- 
neering Abstracts, Biological Abstracts, Bibliography 
of Agriculture, British Abstracts of Medical Science, 
Battelle Technical Review, Chemical Abstracts, Hel- 
minthological Abstracts, Herbage Abstracts, Indian 
Tobacco, Journal of the Science of Food and Agricul- 
ture, Maryland Agricultural Journal, Plant Breeding 
Abstracts, and Review of Applied Mycology and have 
been dispersed into the following alphabetically ar- 
ranged topics: bibliographies, botany, by-products, 
chemical and physical properties of tobacco, climato- 
logical factors, cultural practices (field), diseases, 
general reports and information, genetics, harvesting 
and curing, health, history, insects, manufacturing 
technology, marketing, physiology and biochemistry, 
policy, production economics, seedling production, 
soils, and varieties. An author index is provided — 
ELIZABETH A. VALENTINE. 














CHANGE OF EDITOR-IN-CHIEF 


The current volume of Plant Physiology (vol. 32) 
will be edited by the present editor, Dr. David R. 
Goddard. The editorial office will continue to handle 
current manuscripts, proofs, reprint orders, and ab- 
stracts for papers to be published in the issues for the 
year 1957 including the November issue. Authors 


with papers submitted to the journal should continue 
correspondence with Dr. David R. Goddard, Editor 


of Plant Physiology, Botany Department, University 
of Pennsylvania, Philadelphia 4, Pennsylvania until 


they are informed that their papers have been re- 
ferred to the succeeding editor, Dr. Allan H. Brown. 

The new Editor-in-Chief, Professor Allan H. Brown 
will handle manuscripts for publication in the Janu- 
ary 1958 issue. Authors submitting papers after Sep- 
tember 1, 1957 are asked to send their papers directly 
to Dr. Allan H. Brown, Editor of Plant Physiology, 
Department of Botany, University of Minnesota, 
Minneapolis 14, Minnesota. 











